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I, ANDREW WALLACE BOYD of 110 Kitchener Road, Ascot 
Queensland, 4007, Australia, am an inventor with respect to the 
abovementioned United States patent application. I am currently Senior 
Principal Research Fellow and Head of the Leukaemia Foundation 
Laboratory at the Queensland Institute of Medical Research, Brisbane, 
Queensland, Australia. I am also Professor of Experimental Haematology 
at The University of Queensland, St Lucia, Queensland, Australia, an 
appointment I have held since 1996. I am an expert in the field of Eph 
receptor biology and attach herewith a copy of my Curriculum Vitae 
which attests to my numerous publications in this area. 

I am aware of the Examiner's reasons for rejecting all claims of the 
instant application as outlined in the Office Action dated October 251 999. 
I consider that major concerns of the Examiner are:- 

i. that it is not clear what comprises an Eph family receptor tyrosine 
kinase; and 

ii. that while the instant specification is enabling for polypeptides 
which bind LERK7, such as HEK polypeptides according to SEQ 
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BEST AVAILABLE COPY 




ID NO: 4, enablement is not provided for other polypeptides and 
ligands. 

3. As will be discussed in more detail hereinafter, it is my contention that it 
is now currently accepted in the field that as a general rule, exon III of 
any Eph family receptor tyrosine kinase gene encodes a polypeptide 
capable of ligand binding, which polypeptide may, optimally, include 
amino acids encoded by exon II. This general rule is not limited to HEK 
and LERK7, but extends to other members of the well-defined Eph family 
of receptor tyrosine kinases. This general rule was first set forth in the 
instant application. 

4. Included in Appendix A is a bibliographic reference to publications D1- 
D23 which support my arguments in rebuttal of the abovementioned 
concerns of the Examiner. A copy of publications D1-D23 is attached 
herewith. 

5. With regard to (i) above, I contend that the term "Eph family receptor 
tyrosine kinase" has a precise and definite meaning in the art. The 
structure and function of Eph family receptor tyrosine kinases has been 
extensively reviewed, as has their ligands (originally called LERKS but 
hereinafter referred to as ephrins in accordance with current 
nomenclature; D1) and their high degree of structural conservation (D2- 
D7). The conserved structural features common to all Eph family 
members, and which serve to define this family are:- 

an extracellular domain having an outer, globular, cysteine-rich 
region, a classical EGF-like domain and two fibronectin type III 
repeats 

a highly conserved spacing of cysteine residues within the 
extracellular domain 

conserved regions of amino acid identity, a feature which has 
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been exploited to identify new Eph family members (D8, D9) 
a cytoplasmic domain having conserved tyrosine motifs, and an 
absolutely conserved YEDP motif in a juxtamembrane region 
a C-terminal conserved sterile alpha motif (SAM) domain 
a typical tyrosine kinase catalytic domain 
This highly conserved structure is represented at both the nucleotide and 
amino acid sequence level in all vertebrate species and in Drosophila 
(D10) and C. elegans (D11). In fact, inter-species conservation is 
extremely high: typically greater than 90% amino acid identity between 
mammalian species and at least 80% identity between mammals and 
lower vertebrates (D12). In particular, mammalian Eph receptor tyrosine 
kinases share high sequence identity with fish and amphibian homologs 
(D1 3), and function in these species (D1 2, D1 4). A unifying nomenclature 
first set forth in D1 allows an unambiguous identification of Eph family 
members and their ligands in vertebrates and invertebrates. Therefore, 
the Eph family of receptor tyrosine kinases, and their ligands, is a well- 
defined family of molecules. 

6. With regard to (ii) above, I contend that the experimental detail provided 
in the instant specification enunciates a broad principle which is readily 
adaptable to other Eph family members by a skilled person. A well 
recognized feature of the Eph-ephrin system is that there is a degree of 
degeneracy, such that any given Eph family RTK is capable of binding 
several ephrins, and wee versa (D15). In general, type A receptors 
preferentially bind type A ephrins, type B receptors preferentially bind 
type B ephrins and so on. As first shown for HEK in Example 4 of the 
instant specification, in reality there is a heirarchy of affinities of each 
Eph family receptor for a number of ephrin ligands (D16). An extreme 
example of this is EphA4, which binds ephrin A and ephrin B ligands 
(D14, D17). Consistent with Examples 8-11 of the instant specification, 
human EphA3 (referred to as HEK in the instant specification) binds a 
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number of zebrafish ligands with similar affinities to that of their human 
ephrin homologs (D12). 

Further to the above, the exon Ill-encoded LERK-binding domain first 
described in Example 7 of the instant application was identified by 
producing recombinant proteins following exon structure studies, as 
shown in Example 1 (D18). The generalization proposed therein of the 
absolute requirement for the exon Ill-encoded polypeptide in binding 
ephrins has been confirmed by subsequent studies showing conservation 
of genomic organization and function among Eph receptors (D19-D21). 
Furthermore, the evidence presented at page 7 of the instant application 
that amino acids flanking the exon Ill-encoded domain may contribute to 
structural integrity, and hence assist ligand binding, has also been 
confirmed. The strongest confirming evidence comes from a study of 
mouse EphB2 (D22). A deletion mutant strategy identified a polypeptide 
domain encoded by exon III and exon II of the EphB2 gene as a domain 
both necessary and sufficient for ephrin binding. This publication also 
demonstrated that the corresponding domain of chicken EphA3 was 
necessary and sufficient for ephrin binding (D22). These data were then 
used as the basis for crystallization and structure determination (D23). 
This structural study showed that the domain encoded by exons II and III 
comprised a complex p jelly roll structure and a C-terminal region, with 
some features of an EGF-like domain as had been discussed in the 
instant application and in D18. This publication also identified a H-l loop 
which is structurally distinct in the EphAand EphB receptors studied, and 
is responsible for ligand preference. On the basis of this, and other 
reports, all investigators in the field accept that exon III of Eph family 
receptor tyrosine kinase genes encode a polypeptide capable of ligand 
binding, and that exon II encodes additional amino acids which contribute 
to this function. 

I further declare that all statements made herein of my own knowledge 




are true and that all statements made on information and belief are 
believed to be true, and further that these statements are made with the 
knowledge that willful false statements and the like are punishable by fine 
or imprisonment, or both, under Section 1001 of Title 18 of the United 
States Code, and that such willful false statements may jeopardize the 
validity of this application or any patent issuing therefrom. 



Dated: 
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ANDREW WALLACE BOYD BMedSc MB BS PhD FRACP 

PLACE & DATE OF BIRTH: 
Melbourne, Australia - 22nd June, 1948 

DEGREES AND PROFESSIONAL QUALIFICATIONS ; 

1970 B.Med.Sc. Melbourne University. 

1973 M.B.,B.S. Melbourne University. 

1981 Ph.D. Melbourne University. 

1983 Fellow of the Royal Australasian College of Physicians 

PRESENT APPOINTMENTS: 

Assistant Director (Clinical Sciences), Queensland Institute of Medical Research 
Unit Head, Leukocye Biology Unit, Queensland Institute of Medical Research 
Head, Leukaemia Foundation Laboratory, Queensland Institute of Medical Research 
Senior Principal Research Fellow, Queensland Institute of Medical Research 
Professor of Experimental Haematology, University of Queensland 

Chairman, Joint Program for Experimental Haematology, Queensland Institute of Medical Research & 
University of Queensland 

Consultant Haematologist, Department of Haematology, Royal Brisbane Hospital 



PREVIOUS APPOINTMENTS : 

1974- 1976 Resident Medical Officer, Royal Melbourne Hospital. 

1 976- 1 977 Medical Registrar, Royal Melbourne Hospital. 

1 977- 1 978 Haematology Registrar, Austin Hospital. 

1978- 1981 National Health and Medical Research Council 

Postgraduate Fellowship, Cellular Immunology Unit, 
Walter and Eliza Hall Institute. 

1978- 1982 Associate, Department of Medical Biology, Melbourne University. 

1 979- 1 982 Clinical Instructor, Department of Medicine, Melbourne University. 

1982- 1983 Lyndal Skea Leukaemia Research Fund Fellowship in Clinical Oncology, the 

Haematology-Oncology Unit, Royal Melbourne Hospital. 

1983- 1985 Research Fellow, Division of Tumor Immunology, 

Dana-Farber Cancer Institute, Harvard Medical 

School, Boston, MA, U.S.A. 
1983-1985 Research Associate, Department of Medicine, Harvard University, U.S.A. 

1985-1996 Head, Lions Cancer Research Laboratory, Cellular 

Immunology Unit, Walter and Eliza Hall Institute 
1985-1989 Senior Research Fellow, Department of Medical Biology, Melbourne University. 

1 985- 1 986 Visiting Associate, Department of Medical Oncology, Royal Melbourne Hospital. 

1985- 1987 Assistant Physician, Clinical Research Unit, Royal Melbourne Hospital. 

1 986- 1 996 Physician, Department of Medical Oncology, Royal Melbourne Hospital. 

1987- 1996 Associate, Royal Melbourne Hospital Clinical School. 

1989- 1996 Principal Research Fellow, Dept of Medical Biology, Melbourne University. 

1990- 1996 Assistant Haematologist, Department of Diagnostic Haematology, Royal Melbourne 

Hospital 

1992-1996 Head, Monoclonal Antibody Laboratory, Collaborative Research Centre for Cellular 

Growth Factors 

1 992- 1 996 Senior Associate, Department of Medical Biology 

Melbourne University. 
AWARDS AND DISTINCTIONS ; 

1 970 Research Scholarship, Dept of Medicine, University of Melbourne 



1973 Dame Kate Campbell Prize in Paediatrics 

1978-198 1 National Health and Medical Research Council Postgraduate Scholarship. 

1983-1985 Neil Hamilton Fairley Travelling Fellowship, National Health and Medical Research 

Council. 

1 994- 1 995 Ramaciotti- Wellcome Fellowship 



MEMBERSHIP OF PROFESSIONAL SOCIETIES: 

Royal Australasian College of Physicians 
Australasian Society for Immunologists 
Haematology Society of Australia 
International Cytokine Society 
American Society for Haematology 
Australasian Society for Developmental Biology 

COMMITTEE APPOINTMENTS: 

Regional Grant Interviewing Committees, National Health & Medical Research Council Assessors Panel 
(1988-1989, 1991-1992, 1996) 

Scientific Secretary, Ethics Committee, Walter & Eliza Hall Institute Ethics Committee (1986-1996). 
Ethics Committee, Royal Melbourne Hospital (1988-1993). 
Assessor for National Association of Testing Authorities (1994-1995). 
Scientific Advisory Committee, CRC for Vaccine Technology ( 1 995- 1 999) 

Australian Health Technology Advisory Committee Working Party on Molecular Biology (1995-1998) 

Scientific Advisory Committee, Queensland Institute of Medical Research 

Program Grant Interview Committee, National Health & Medical Research Council (1996) 

Oncology Discipline Panel, National Health & Medical Research Council (1999) 

Management Executive Committee, Queensland Institute of Medical Research (1999-) 

Chairman, Clinical Protocol Review Cornmittee, Queensland Institute of Medical Research (1999-) 

MAJOR SCIENTIFIC CONTRIBUTIONS 

• Tumour models for immune function - mechanism of effector cell blockade, induction of cell death by 
anti-immunoglobulin, phenotype switch from B cell to macrophage 

• The role of membrane proteins in B lymphocyte differentiation - altered expression in tumours, link 
between cell surface phenotype and tumour type 

• first demonstration of lineage switching within the hemopoietic compartment 

• Role of ICAM-1 and other adhesion molecules in immune function and in inflammation 

• Characterisation of human haemopoietic progenitor cells from umbilical cord blood 

• Bone marrow stromal cell activity in support of human haemopoiesis 

• Identification of a novel tyrosine kinase (HEK) as one of the first members of a unique class of 
receptor tyrosine kinase proteins, the EPH-like kinases 

• characterisation of the HEK ligand and elucidation of receptor-ligand promiscuity 

• role of Eph receptors in cell movement in early development 

• role of Eph receptors in cancer 

THESIS SUPERVISION AND EXAMINING 

Examiner of 19 theses from the Universities of Adelaide, Flinders, Melbourne, Monash, Newcastle, 
Queensland and Sydney. I have supervised the following students: 



Dr Stefan Wawryk 


PhD 
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Dr Ian Wicks 


PhD 


1991 


Dr Flavia Cicuttini 


PhD 


1993 


Dr Darryl Maher 


PhD 


1994 


Ms Kirilee Wilson 


BSc(Hons) 


1994 


Dr Nadesapillai Subanesan 


BMedSc 


1995 



Pathologist, Peter Macallum Hospital, Melbourne 
Professor of Rheumatology, University of Melbourne 
Senior Lecturer, Dept of Medicine, Monash University 
Clinical Director, Commonwealth Serum Laboratories 
PhD student, Melbourne University 
1995 Resident Medical Officer, Royal Melbourne Hospital 
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The Eph family of receptors 

Elena B Pasquale 

Eph receptor tyrosine kinases have recently been identified as 
instructive molecules that guide the topographic movement 
of cells and growth cones. The activation of Eph receptors 
by their ligands, which are membrane-anchored molecules, 
involves a cell-cell recognition event that often causes 
cell repulsion. Therefore, Eph receptors mediate signals 
that can override cell adhesion. Transmembrane ligands for 
Eph receptors also exhibit properties of signal transducing 
molecules, suggesting that bidirectional signaling occurs 
when receptor-expressing cells contact ligand-expressing 
cells. 
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Abbreviations 

GAP GTPase-activating protein 

GPI glycosylphosphatidylinositol 
PI 3-kinase phosphatidytinositol 3-kinase 
SH2 Src homology 2 

SLAP Src-like adaptor protein 

Introduction 

Directional movement of cells and cell processes requires 
molecules with permissive and instructive functions [1]. 
Recently identified families of instructive molecules 
include the netrins, semaphorins, and Eph family recep- 
tors and ligands [1]. In this review, I summarize new 
developments in the study of the role of Eph receptors 
in contact-mediated cell guidance. 

The Eph family comprises fourteen structurally related 
transmembrane receptor tyrosine kinases (Table 1). The 
extracellular region of Eph receptors is composed of a 
series of modules, namely, a putative immunoglobulin (Ig) 
domain at the amino terminus, followed by a cysteine-rich 
region and two fibronectin type III repeats near the 
single membrane-spanning segment. The cytoplasmic 
region contains a highly conserved tyrosine kinase domain 
flanked by a juxtamembrane region and a carboxy-terminal 
tail, which are less conserved [2]. Many receptor variant 
forms also exist that do not conform to the prototypical 
domain structure, as they contain deletions, truncations, 
substitutions, or insertions (see [3] and references therein). 
One Eph receptor, Mep, lacks kinase activity [4], 

Because so many Eph receptor genes have been identified 
in different species within a brief period of time, each 
gene has been assigned multiple names (Table 1). 



According to a unified nomenclature, which has been 
published elsewhere [5], the Eph receptors are divided 
into two groups on the basis of sequence homologies. 
Receptors of the EphA group preferentially interact with 
glycosylphosphatidylinositol (GPI)-linked ligands (of the 
ephrin-A subclass, which comprises five ligands), while 
receptors of the EphB group preferentially interact with 
transmembrane ligands (of the ephrin-B subclass, which 
comprises three ligands) (Table 1). In either case, binding 
of a ligand results in Eph receptor autophosphorylation on 
tyrosine residues and activation of the kinase activity of 
the Eph receptor [6-8], 

Spatially restricted Eph receptor activation 

As, in vitro y each Eph receptor binds multiple ligands and 
each ligand binds multiple receptors, determination of the 
expression patterns of the Eph receptors and ligands is 
crucial to identifying which interactions occur in vivo. In 
addition, it provides clues to how the Eph receptors and 
their ligands function. 

There are numerous examples of reciprocal expression of 
Eph receptors and their ligands (summarized in Table 2 
and shown schematically in Figure la,b). Reciprocal 
distributions allow for only limited receptor activation, 
restricted to sites where ligand and receptor come into 
contact in significant numbers. Recent evidence suggests 
that Eph receptors guide the movement of growth cones 
and cells in which they are expressed in order to 
avoid regions of excessive ligand concentration, thereby 
influencing axon pathfinding and the segregation of 
subpopulations of cells. As discussed below, repulsive 
interactions between receptor- and ligand-expressing cells 
are presumably responsible for these activities. 

An example of Eph receptor mediated axon guidance is 
the specification of retinotectal topography. Even before 
the Eph receptors were found to be involved in this 
process, it was established that the precise targeting of 
retinal ganglion cell axons in the optic tectum relies upon 
repulsive activities mediated by molecules expressed in a 
graded manner on the ingrowing retinal axons and in the 
tectum [9,10]. Consistent with this model, retinal ganglion 
cells from different portions of the retina express different 
levels of the Eph receptor Gek4 (Table 2) [11]. Temporal 
retinal axons, which have high levels of Cek4 expression, 
grow to the anterior tectum, where expression of the two 
GPI-linked ligands, ELF1 and RAGS (see Table 1), is low 
[11,12]. These two ligands are distributed in superimposed 
increasing anterior to posterior gradients in the tectum, 
with the higher affinity ligand for Cek4, RAGS, restricted 
to more posterior regions than the lower affinity ligand, 
ELF1 [13]. In vitro experiments have confirmed that both 
ELF1 and RAGS behave as repulsive guidance molecules. 
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Table 1 



The Eph receptors and their ligand specificities. 


Receptors 














Unified 
nomenclature 


Human 


Mouse 


Rat 


Chicken/Quail 






EphA receptors 














EphAl 


Eph 


Esk 






Ephrin-A1 




EphA2 


Eck 


mEck/Myk2/Sek2 








Ephrin-A3, -A1 t 


-A5 t -A4 


EphA3 


Hek 


Mek4 


Tyro 4 


Cek4 


Ephrin-A5 t -A2 t 


-A3, -A1 


EphA4 


Hek8 


Sek1 


Tyrol 


Cek8 


Ephrin-A5, -A1, 


-A3, -A2, -B2, -B3 


EphA5 


Hek7 


Bsk 


Ehk1/Rek7 


Cek7 


Ephrin-A5, -A1, 


-A2, -A3, -A4 


EphA6 




mEhk2 


Ehk2 




Ephrin-A2, -A1 , 


-A3, -A4, -A5 


EphA7 


Hek11 


Mdk1/Ebk 


Ehk3 




Ephrin-A2, -A3 t 


-A1 


EphA8 


Eek 


mEek 


Eek 




Ephrin-A5 t -A3, 


-A2 


EphB receptors 














EphBl 


Net 




Elk 


Cek6 


Ephrin-B2 t -B1, 


-A3 


EphB2 


Erk/Hek5/Drt 


Nuk/Sek3 


TyroS 


Cek5 t Qek5 


Ephrin-Bl, -B2, 


-B3 


EphB 3 


Hek2 


Sek4/Mdk5 


Tyro6 


Cek10, Qek10 


Ephrin-B1 f -B2, 


-B3 


EphB4 


Htk 


Myk1/Mdk2 


Tyrol 1 




Ephrin-B2, -B1 




EphB 5 








Cek9 


? 




EphB6 


Hep 


Mep 






? 





*Ugands are listed in approximate order of decreasing affinity for receptor according to a recently published unified nomenclature [5]. Other names 
for these ligands are as follows: ephrin-Al, B61; ephrin-A2, ELF1 ; ephrin-A3, Ehk1-L, Lerk3; ephrin-A4 t Lerk4; ephrin-A5, AL1, RAGS; ephrtn-B1, 
Lerk2, Elk-U Cek5-L; ephrin-B2, Htk-L, ELF2, Lerk5; ephrin-B3, NLerk2, Elk-L3. Please note that not all possible ligand-receptor interactions have 
been tested. Long dashes indicate that homologs of some receptors in other species have not yet been found. Question marks indicate that the 
ligands for Cek9 and Hep/Mep are unknown. 



The growth cones of cultured temporal retinal neurons 
collapse when exposed to soluble forms of these ligands, 
and in 'stripe assays' temporal retinal axons, grown on 
stripes containing RAGS or ELF1 alternating with stripes 
without ligand, avoid extending on the stripes coated with 
ligand [12,13,14**]. The in vivo repulsive activity of ELF1 
was demonstrated when the distribution of ELF1 in the 
chicken tectum was modified by retroviral expression: 
temporal axons followed aberrant trajectories that avoided 
ectopic areas of abnormally high ELF1 expression in the 
anterior tectum [14**]. 

Other examples where the reciprocal expression patterns 
of Eph receptors and their ligands suggest that Eph recep- 
tors and ligands guide axons by repulsive mechanisms are 
summarized in the top half of Table 2. Interestingly, the 
confinement of spinal axon growth to rostral somite halves 
had been attributed to repulsive activities located in caudal 
somite halves [15]. As it turns out, the transmembrane 
Eph receptor ligands Htk-L and Lerk2 (see Table 1) 
are restricted to caudal somite halves [16\17 ## ], whereas 
several Eph receptors, including Nuk/Cek5 and Cek8, are 
found on axons of spinal neurons [7,17 # *,18]. Repulsive 
activities of these transmembrane ligands (Htk-L and 
Lerk2) toward axons extending from neural tube explants 
has been demonstrated in vitro in both growth cone 
collapse assays and stripe assays [17**]. 

Examples of where Eph receptors and their ligands are 
expressed in adjacent populations of cells, suggesting that 
they restrict cell movement across boundaries of ligand 
and receptor expression, are summarized in the bottom 
half of Table 2. Experimental evidence supports a role 



for Eph receptors in restricting and guiding cell migration. 
Exposure of chicken embryo trunk explants to a soluble 
dimeric form of the ligand Elk-L (see Table 1) perturbed 
the routing of trunk neural crest cells, which express 
a receptor, QeklO/CeklO, for Elk-L [19*]. Although 
the motility of neural crest cells was not appreciably 
affected, their movement no longer exhibited a persistent 
directional component, nor was it restricted to the normal 
route across rostral somite halves. Similarly, in Xenopus 
embryos the migration of third branchial arch neural crest 
cells, which express the receptors Sekl and Elk, was 
perturbed by the ectopic uniform expression of a ligand for 
these receptors, Htk-L, which is normally restricted to the 
adjacent second arch neural crest [20*]. Ectopic expression 
in Xenopus embryos of dominant-negative forms of the 
receptors Sekl and Elk, which lacked the kinase domain 
and were thus unable to transduce signals, also interfered 
with the directional migration of third arch neural crest 
cells. Furthermore, the boundaries of rhombomeres 3 and 
5, which express Sekl, became blurred in the presence of 
ectopic dominant-negative Sekl [21]. 

Persistent Eph receptor activation 

Overlapping distributions of Eph receptors and their 
ligands have also been observed; this may cause persistent 
receptor activation. For example, in the 11 -day chicken 
embryonic retina the receptor Cek5 and its ligand, 
Cek5-L, have overlapping expression patterns; binding of 
Cek5-L to Cek5 results in enhanced Gek5 phosphory- 
lation on tyrosine [22,23]. During the first half of chicken 
embryonic development, Cek9 is highly phosphorylated 
on tyrosine, possibly reflecting extensive interactions with 
its as yet unidentified ligand [24]. In the developing 
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Figure 1 
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(b) Reciprocal graded distributions 
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Schematic representation of the possible relative distributions of Eph receptors and their ligands in a series of adjacent cells. Each subdivision 
on the X axis indicates a cell; the Y axis indicates the level of ligand or receptor expression, in arbitrary units. Ligand expression levels are 
indicated in gray and receptor expression levels in black. (a,b) Illustrate reciprocal and reciprocal graded patterns of expression, respectively, 
(c-e) Illustrate hypothetical distributions in tissues in which receptor and ligand have overlapping expression patterns. In (c) each cell expresses 
either receptor or ligand, and receptor-bearing cells and ligand-b earing cells are interspersed. In (d) each cell expresses both receptor and 
ligand, and receptor and ligand have uniform distribution over the surface of the cell. In (e) each cell (depicted at higher magnification and 
indicated by a number) expresses both receptor and ligand, but receptor and ligand do not co-localize. Rather, they are confined to separate 
cell surface domains: for example, the ligand is in the region of contact between cell 1 and cell 2 and in subdomains of cell 3 and cell 4 that 
could represent a presynaptic or postsynaptic region. In contrast, the receptor would be on the extrasynaptic portions of the cell surface. High 
resolution localization experiments will be required to determine which of the distributions shown in (c-e) actually occurs in vivo. 
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Table 2 

Examples of reciprocal expression patterns of Eph family receptors and ligands. 



ReceptoKs) 



Receptor distribution 



Ugand(s) 



Ligand distribution 



Proposed function 



References 



Cek4 



Cek8 



Cek4/Mek4/Tyro4 



Nuk/Cek5, Cek8 



Increasing nasal to temporal gradient 

in the developing retina 
Increasing lateral to medial gradient 
n the developing and adult hippocampus 



Increasing ventral to dorsal gradient 

in the subtcufum 
Subpopulatton of mitral and tufted 
cells in the embryonic and adult 
olfactory bulb 
Caudal ty derived (lumbar) sensory and 
motor axons? 



Lumbar and brachial embryonic 
motor neurons 

Cervical and thoracic motor neurons 
of the medial motor column. These 
neurons innervate receptor-positive 

axial musculature 
Brain regions immediately ventral 
to the anterior commissure 
Spinal nerves 



ELF1, RAGS 



ELF1. RAGS. 
Lerk3 



AL1 
Lerk3 

AL1 



ELF1? 



Lerk2 
Lerk2, Htk-L 



Increasing anterior to posterior 
gradients in the developing optic tectum 
Increasing dorsomedial to ventrolateral 
gradient (of the three 6gands 
considered in combination) in the 
developing and adult lateral septum 
Increasing caudal to rostral gradient in 
the hypothalamus 
Subpoputation of olfactory sensory 
neurons in the nasal epithelium 

Higher expression in rostra) (head and 
neck) embryonic muscles than in caudal 
(trunk and limb) muscles 



Limb buds 



Axons of the posterior portion of the 
anterior commissure 
Caudal somite halves 



Targeting of retinotectal [1 1 -1 3,1 4"] 

projection 

Targeting and remodeling of (45"] 
1 projection 



Targeting of projections (45"] 
from subtcutum to hypothalamus 

Specification of synapses (45*] 
between olfactory neurons and mitral 
or tufted cells 
Regulating position-dependent [26] 
connectivity along the rostrocaudal 
axis between spinal cord axons 
end target muscles 
Guiding lumbar and brachial [46] 
embryonic motor neurons to their 

target muscles 
ELF1 may repel receptor-positive [47] 
myoblasts and axons away from the 
fimb bud and direct them jointly 
into the body wall 
Guiding the axons of the posterior [42""] 
portion of the anterior commissure 

Restricting the growth of spinal [7, 1 6", 1 7—, 1 8] 

nerves to the rostral somite halves 



Nuk, 

CeklO/QeklO 



Sek1, Elk 



Sekl, Nuk 
EphA receptors 



EphA receptors 



Cek4 



Trunk neural crest cells and rostral 
somite halves 

Third branchial arch neural crest cells 
and mesoderm along their presumptive 
migratory pathways 
Hind brain rhombomeres 3 and 5 
Mouse E10.5 limb: distal tip 
(prospective autopod) and body-proximal 
areas (prospective stytopod)* 
Mouse E13 limb: cartilagenous digits* 



E8 chicken ventral retina* 
Embryonic temporal retina 
Erythroid progenitor cells 



EIk-L/Lerk2 t 
Htk-L 



Transmembrane Ggands 
GPHinked 
Egands 

GPI-Gnked ligands 



Cek5-L 



RAGS 



Caudal somite halves 



Second branchial arch neural crest 
cells and mesoderm along their 
presumptive migratory pathways 
Hindbrain rhombomeres 2, 4, and 6 
Mouse El 0.5 Bmb: central portion 
(prospective zeugopod)* 

Mouse E1 3 fimb: interdigHal zone* 



E8 chicken dorsal retina* 
Embryonic nasal retina" 
Bone marrow stromal cells 



Restricting the migration of trunk 
neural crest cells to the rostral 

somite halves 
Guiding the migration of third 

branchial arch neural crest cells 

Defining rtombomere boundaries 
Limb patterning: specification 
of domains with different fates 

Limb patterning: segregation 
of condensing cartilage from 

surrounding mesenchyme 
Segregating dorsal and ventral 
retinal celts, organizing the 
retinotectal pathway 
Segregating nasal and temporal 
retinal cells, organizing the 

retinotectal pathway 
Regulating erythropoiests by 
providing positional information in 
the bone marrow microenvironment 



[17-,19",25] 



[20*] 



[18,21,25,48-50] 
[16"] 



[16",25,51,52] 



[23,53] 



[25,54] (a) 



[44] 



(a) RJ Connor, P Menzei, EB Pasquale, unpublished data. *E refers to embryonic day of development. Question marks indicate that receptor, figand or ligand distribution is not yet known. Examples 
where the reciprocal expression patterns of Eph receptors and their ligands suggest that Eph receptors and ligands guide axons by repulsive mechanisms are shown in the top half of the table. 
Examples where the Eph receptors and their ligands are expressed in adjacent populations of cells, suggesting that they restrict cell movement across boundaries of Ggand and receptor expression, 
are shown in the bottom half of the table. 



mouse embryo, expression of the receptor Sekl in the 
dorsal portion of the somites overlaps with that of the 
ligands AL1 and Lerk4, which are localized throughout the 
somites [25]. It is not known, however, whether in regions 
of overlapping expression ligand and receptor are found 
on distinct but mixed subpopulations of cells (Figure lc), 
or on the same cells either with uniform distribution 
over the surface of the cell (Figure Id) or confined to 
complementary subcellular domains (Figure le). 

Uniform ligand concentrations should presumably provide 
signals other than directional cues and their effects may be 
more subtle. Uniformly presented ligands did not prevent 
the growth of neurites from retinal or neural tube explants 
[14**, 17**] nor did they prevent in vitro or in vivo motility 
of trunk neural crest cells [17 ## ,19 # ]. However, the GPI- 
linked ligands AL1 and ELF1, expressed on a continuous 



monolayer of cells, appreciably inhibited outgrowth of 
neurites from neurons expressing the receptors [26,27]. 
Effects on axon fasciculation and cell-cell adhesion have 
also been demonstrated. Soluble AL1 ligand promoted 
axon fasciculation in cultures of cortical neurons, which 
express the Eph receptor Rek7 [28]. Ectopic expression 
of an activated form of the receptor Pag {Xenopus Sekl) 
in Xenopus embryos caused decreased cell-cell adhesion, 
possibly by affecting cadherin function [29]. Effects of 
Eph receptors such as Cek5 on neuronal recognition 
events or fasciculation could result from the tyrosine 
phosphorylation of the neural cell adhesion molecule 
LI [30]. However, the functional consequences of LI 
phosphorylation by CekS remain to be determined. 

Activation of Eph receptors may also be relevant in 
angiogenesis. When activated by their ligands, the re- 
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ccptors Eck and Elk mediate the in vitro assembly 
of human umbilical vein endothelial cells and human 
renal microvascular endothelial cells, respectively, into 
capillary-like structures [31,32]. Furthermore, a soluble 
dimeric form of the Eck ligand, B61, has been shown to 
act as an angiogenic factor in vivo [32] . 

Receptor signaling 

Cell-cell recognition mediated by Eph receptors results 
in signals that override adhesive mechanisms medi- 
ated by cell adhesion molecules, integrins, and possibly 
the receptor-ligand interaction itself [33). Furthermore, 
growth cone collapse induced by ligands for Eph receptors 
such as AL1 is accompanied by disruption of the 
actin cytoskeleton in the growth cone [34]. In contrast, 
proliferative signals generated by Eph receptors are at best 
modest [35]. Like other receptor tyrosine kinases, the Eph 
receptors autophosphorylate in response to ligand binding 
[2]. Only membrane-anchored ligands, however, efficiently 
activate their receptors [6]. Monomeric soluble ligands that 
are released into the culture medium generally do not 
cause receptor signaling, even though they retain high 
binding affinity [6]. 

A number of signaling molecules that bind by means 
of their SH2 (Src homology 2) domains to tyrosine- 
phosphorylated sequences of Eph receptors have been 
identified (Table 3). Their associations with Eph receptors 
have been demonstrated by using the two-hybrid system 
and/or biochemical assays. Grb2, GrblO, and Src-like adap- 
tor protein (SLAP) are adaptor molecules that presumably 
link Eph receptors to downstream signaling pathways, 
such as, in the case of Grb2, the Ras pathway [2]. 
Phosphatidylinositol 3-kinase (PI 3-kinase), Src family 
kinases, and pl20Ras GTPase-activating protein (GAP) 
have intrinsic catalytic activities. PI 3-kinase activity is 
increased following activation of the receptor Eck [36], 
but it is not known whether the catalytic activities of Src 
and pl20RasGAP are affected by activation of the Eph 
receptors to which they bind. 

It appears that the Eph receptors engage downstream 
molecules that were previously known as components in 
signaling pathways of other families of receptor tyrosine 



kinases, such as growth factor receptors [2]. The only 
novel protein identified so far by virtue of its interaction 
with an Eph receptor is SLAP [37]. Src family kinases, 
PI 3-kinase, and pl20RasGAP have been previously 
implicated in neurite outgrowth, cell migration, and 
cytoskeletal organization (Table 3). In particular, given 
their co-localization with Eph receptors in growth cones 
and axons [38], Src family kinases are promising candidates 
as mediators of signals involved in axon guidance. 

Ligand signaling? 

Three ligands for Eph receptors, Lerk2, Htk-L, and 
Elk-L3/NLerk2, contain a transmembrane segment and a 
highly conserved cytoplasmic region of approximately 80 
amino acids. Evidence has suggested that the cytoplasmic 
domain of the ligand Lerk2, although not required 
for receptor activation, has signaling activities, as it 
inhibits signaling pathways activated by tyrosine kinases 
[39,40 # ]. Tyrosine phosphorylation of the ligands Lerk2 
and Htk-L has indeed been observed in vivo in the mouse 
embryo, demonstrating the physiological relevance of such 
phosphorylation, and has also been observed in actively 
growing cultured fibroblasts and v-Src-transformed cells 
[40 # ,41 ## ]. Tyrosine phosphorylation of transmembrane 
ligands for Eph receptors is also rapidly upregulated by 
activation of growth factor receptors and, notably, upon 
interaction with EphB receptors. Ligand phosphorylation 
is presumably mediated by an as yet unknown ligand- 
associated tyrosine kinase and may promote the formation 
of complexes of ligands with SH2 and phosphotyrosine- 
btnding domains of signaling molecules. Hence, contact 
between cells expressing ligand and cells expressing 
receptor probably results in activation of bidirectional 
signaling pathways. 

Genetic analyses of Eph receptor functions 

Gene knockout experiments substantiated the importance 
of Eph receptors in axon guidance and fasciculation. 
Disruption of the Nuk receptor gene affected axons of 
the anterior commissure, which did not follow their normal 
route to the contralateral side of the brain and incorrectly 
grew toward the ventral forebrain [42* # ]. Disruption of the 
closely related Sek4 receptor gene affected the axons of 
the corpus callosum, which did not follow their normal 



Table 3 



Signaling molecules that bind to Eph receptors through their SH2 domains. 



Signaling molecule 


Eph receptor 


Binding site in 


Possible role of signaling molecule in 


. Reference 




Eph receptor 






p85 subunit of PI 3-kinase 


Eck 


n.d. 


Cell migration, cytoskeletal organization 


[36] 


SLAP 


Eck 


n.d. 


n.d. 


137] 


GrblO 


Elk 


Tyr929 


Neuronal cell migration 


[55] 


Grb2 


Elk 


In kinase domain 


Neuronal differentiation, linkage to Ras pathway 


[55] 


Fyn 


Sek1 


Tyr602 


Cytoskeletal organization 


[56] 


Src 


Cek5, Cek8 


Tyr€11 of Cek5 


Cytoskeletal organization 


(a) 


P 120RasGAP 


Nuk 


Tyr604, Tyr610 


Cytoskeletal organization, linkage to Ras pathway 


[57] 



(a) AH Zisch, MS Kalo, EB Pasquale, unpublished data n.d., not determined. 
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trajectories to the contralateral side of the brain [43**]. In 
the absence of both Nuk and Sek4 t pathfinding abnormal- 
ities were more severe, and other brain projections were 
also abnormal, indicating that the receptors Nuk and Sek4 
have partially redundant roles [42 # *,43**]. Interestingly, in 
at least one axon tract — the habenular-interpeduncular 
tract, in which transmembrane ligands are co-expressed 
with Nuk and Sek4 receptors — axon fasciculation rather 
than pathfinding was affected. 

Genetic evidence also supports the physiological relevance 
of signaling through the cytoplasmic domain of ligands 
[42**]. The axons of the brain anterior commissure, which 
are abnormal in Nuk knockout mice, were surprisingly 
found to express not Nuk but the Nuk ligand Lerk2. 
Interestingly, areas of Nuk expression are adjacent to the 
pathway followed by these axons (Table 2), suggesting 
that Nuk provides guidance cues that are transduced 
through the cytoplasmic domain of Lerk2. Consistently, 
Nuk mutant receptors lacking the kinase domain are able 
to properly guide anterior commissure axons [42 ## ]. 

Conclusions and perspectives 

What we have learnt so far about the distributions 
and activities of Eph family receptors and their ligands 
predicts that their roles are not restricted to developmental 
processes. Their expression in adult neural structures, such 
as the hippocampus and olfactory bulb, suggests a role in 
synaptic remodeling. The repulsive activities of ligands 
toward axons expressing Eph receptors predicts that these 
ligands may contribute to the failure of the adult central 
nervous system to regenerate. Finally, the expression of 
ligands and receptors in tumor cells may downregulate 
cell adhesion, thereby favoring the dissemination of 
metastases, while the expression of the ligands B61 and 
Lerk2 in the vasculature [31,32] and Htk-L in the bone 
marrow [44] may influence the targeting of metastatic cells 
expressing Eph receptors. Because of the existence of so 
many Eph receptors (and of alternatively spliced forms), 
the redundancy in ligand-receptor interactions, and the 
possible importance of the spatial coordinates of their 
signaling activities, elucidating how the Eph receptors 
signal will be a particularly challenging task. 
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Receptor tyrosine kinases (RTKs) and their ligands are 
involved in many different processes including cellular 
differentiation, proliferation, embryonic development and 
some cases of neoplastic growth (Ullrich & Schlessinger, 
1990; Pawson & Bernstein, 1990). The RTKs all have a 
similar structure consisting of an extracellular ligand-bmding 
domain, a hydrophobic transmembrane region and an int- 
racellular domain that contains the tyrosine kinase catalytic 
activity (Yarden & Ullrich, 1988). Receptors of this type may 
be categorised according to their overall layout, their regions 
of sequence homology and on the similarity of their ligands. 
Several subclasses or families of RTKs can be denned using 
this approach. One such subclass is the recently discovered 
family of RTKs termed eph, which currently consists of seven 
distinct members, eph, eck, elk, cekS, mek4/cek4/hek, sek and 
hekl, all of whose cDNAs have been fully sequenced. The 
relationships between the Eph family members is illustrated 
in a phylogenetic tree (Figure 1) constructed using the amino 
acid sequence from the consensus sequence Gly-X*Gly-X-X- 
Gly, found towards the amino terminus of the catalytic 
region (Hanks et al, 1988), to the carboxy-terminal tail. The 
tree was constructed using the De Soete Tree Fit program 
(De Soete, 1983, 1984). There are at least another five eph- 
related putative receptors reported in the literature that have 
not yet been fully sequenced. Taken together, this appears to 
be the largest known family of RTKs. The pattern of expres : 
sion of mRNA or protein of the full and partial length 
eph-Mke receptors is summarised in Table I. 



eph family characteristics 

The shared characteristics of the Eph family which allow it to 
be considered as a subclass of RTKs are depicted in Figure 
2. The extracellular domain contains an immunoglobulin-like 
(Ig) loop (although this homology is very weak) and two 
fibronectin type III repeats. Ig loops are found in several 
RTK extracellular domains, notably in the fibroblast growth 
factor (FGF) receptor and platelet-derived growth factor 
receptor families. Fibronectin type III repeats are found in 
many proteins, including some RTKs and a number of 
neural cell adhesion molecules. The function of these motifs 
in growth factor receptors is unclear, however they may be 
involved in cell-cell interactions. There is also one cysteine- 
rich region, containing 13 cysteine residues, in the extracel- 
lular domain. The spacing of the cysteines is different to the 
cysteine-rich region found in the type I RTK family, which 
includes the epidermal growth factor (EGF) receptor, c-erbB- 
2, c-erbh-3 (Prigent & Lemoine, 1992) and c-erbB-4 receptors 
(Plowman et al., 1993), and the type II family, which consists 
of the insulin receptor, IGF-1 and the insulin receptor-related 
receptor. 

So far no ligands for any of the Eph RTK family have 
been reported, and therefore they should be considered 
'putative' growth factor receptors. Lack of known ligands 



severely restricts the studies that can be performed on thei 
functions. However, several reports on the expression patten 
of the mRNA and protein of the various members have bee: 
performed, and this may ultimately aid in the discovery c 
the ligands for this family and help unravel their normt 
cellular functions. 



eph 

eph, the first receptor to be discovered, was isolated from 
human hepatocellular carcinoma cell line cDNA librar 
(Hirai et aL, 1987). The eph gene has been well conserve 
throughout evolution as the human eph cDNA prob 
detected specific bands on a Southern blot of DNA froi 
mouse, chicken, rat and Drosophila melanogaster. The huma 
eph gene has been mapped to chromosome 7 and codes for 
3.5 kb mRNA. eph has been found to be most highly e> 
pressed at the mRNA level in adult rat liver, lung and kidne 
and to a lesser extent in the testis (Table I). It was also note 
that some human breast, lung, liver and colon carcinorm 
overexpress eph mRNA compared with normal tissues, bi 
no gene amplification was seen (Maru et al, 1988). Th 
observation of overexpression without gene amplification hi 
been reported for several RTKs, e.g. c-erbB-3 in breast ca 
cinomas (Lemoine et al., 1992). When the human brea 
cancer cell line MCF-7 was analysed for the expression < 
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Figure 1 Phylogenetic tree of the Eph family of receptor tyrosin 
kinases. The tree was constructed using the De Soete Tree Fi 
program. The amino acid sequence from the consensus sequenc 
GXGXXG, of the catalytic region, to the carboxy-terminal ta 
was used. The predicted amino acid sequences of human Eph 
Hek, Hek2, Erk and Eck, rat Eek and Elk, chicken Cek4, Cek.' 
Cek6, Cek7, Cek8, Cek9 and CeklO and mouse Mek4 and Se 
were used in the construction for the above tree. The fotlowin 
partially sequenced Eph-Uke receptors were of insufficient lengt 
to be included; rat Tyro 1, Tyro 4, Tyro 5, Tyro 6 and Tyro 1 
and human Tk2. 



418 



N.L. TUZI & W.J. GULLICK 



Table 1 



Summary of the expression of mRNA or protein of all fully and partially sequenced eph-Mkc receptors 



Name Species 



Homologue(s) 



mRNA 
(kb) 



eph 

elk 
eck 



Human 
Rat 

Human 



cekS Chicken 



sek 


Mouse 


cek4 


Chicken 


mek4 


Mouse 


hek 


Human 


hekl 


Human 


eek* 


Rat 


erk* 


Human 


tyro\* 


Rat 


tyro4* 


Rat 


tyroS* 


Rat 


tyrot* 


Rat 


tyro IT 


Rat 


ceke* 


Chicken 


cekV 


Chicken 


cek%* 


Chicken 


cek9* 


Chicken 


cekW 


Chicken 



Normal distribution of mRNA or protein 



NI 

cek& 
NI 

erk*/tyro5* 
cekVjtyroX* 

mek4fhek/tyro4* 

cek4/hek/tyro4* 

cek4\mek4jtyro4 x 
cekWftyroV 

NI 

cekSjtyroS* 

sekfcekZ* 

cek4jmek4jhek 

cekSjerk* 

hekljcekW 
NI 

elk 
NI 

sek/tyrol* 
NI 

hek2/tyro6* 



3.5 
4.0 
4.7 

4.4 and 10 
7.0 

7.5 

6.0 and 3.4 

5.5-6.0 
4.6 

ND 
4.0 

ND 

ND 

ND 

ND 
ND 

4.4 and 6.5 



4.4, 7.0 
and 8.5 

6.0 



4.4 



4.4 and 6.0 



Highest in adult rat liver, lung and kidney. Lower 
in testes 

Highest in adult rat brain and embryonic day 
14-16 stomach. Lower in adult rat testes 

Highest in rat lung, skin, small intestine and ovary. 
Lower in kidney, brain, spleen and submaxillary 
gland 

Highest in chicken embryonic day 10 and adult 
brain. Lower in kidney, lung, thigh and intestine 

Highest in adult mouse brain. Lower in heart, lung 
and kidney. Expressed during embryonic brain 
development 

Highest in adult chicken brain and retina, but 
detectable in all adult tissue, except liver 

Highest in adult mouse brain. Lower in testes 
(3.4 kb) 

Undetectable at the protein level 

Highest in human pancreas, lung, placenta, brain 
and kidney. Lower in heart, skeletal muscle and 
liver 

Rat brain 

Highest in adult rat lung. Lower in placenta, brain 
and kidney. Expressed in 16 day rat embryo 
stomach 

Constant expression from rat embryonic day 12 
to adulthood in CNS 

Constant expression from rat embryonic day 12 
to birth in CNS 

Constant expression from rat embryonic day 12 
to birth in neural tissue 

Maximal in rat embryonic day 12 brain 

Highest in rat heart and kidney, lower in neural 
tissue 

Highest in chicken embryonic day 10 and adult 
brain, lung, heart and skeletal muscle. 
Low level of 6.5 kb in adult brain 

Chicken embryonic day 10 brain. Low level of 
8.5 kb transcript in adult brain 

Highest in adult chicken brain and retina. Lower in 
adult kidney, lung, skeletal muscle and thymus 

Highest in chicken adult thymus. Lower in brain, 
retina, kidney, lung and heart. Expressed in 
embryonic day 1 0 brain 

Highest in adult chicken kidney. Lower in adult 
lung. Expressed in embryonic day 10 brain and 
body tissues 



Overexpression of mRNA in 
human cancers 



Some lung, liver, breast and 
colon carcinomas 

2/3 gastric carcinomas 



1/28 CLL and 2/39 AML 



3/3 gastric carcinomas 



•Partially sequenced. NI, none identified. ND, not determined. 



tyrosine kinase mRNAs using the polymerase chain reaction 
(PCR), 17/76 tyrosine kinase clones isolated and sequenced 
coded for eph (Lehtola et at., 1992). It has also been observed 
that when the eph gene is artificially overexpressed in the 
mouse fibroblast cell line, NIH 3T3, it allows the transfected 
cells to grow in an anchorage-independent manner (deter- 
mined by their ability to grow in soft agar) and to form 
tumours in nude mice (Maru et a!., 1990). Taken together 
these data suggest that overexpression of the eph gene may 
have a role to play in certain human carcinomas. However 
only 50 tumours of different tissue types were examined and 
no clinical data were presented to allow the comparison of 
tumour characteristics with overexpression to be made. 
Larger studies must therefore be performed to allow the 
prevalence of overexpression of eph mRNA in human car- 
cinomas to be more accurately determined. 



elk 

The second member of this family to be identified was 
termed elk for eph-ftke kinase and was isolated from a rat 
brain cDNA library (Letwin et aL t 1988; Lhotak et a!., 
1991). This gene appears to have a different pattern of ex- 
pression from eph. elk mRNA is 4.0 kb in size and can only 
be detected in adult rat brain and to a lesser degree in the 
testis. A partial elk cDNA clone was isolated by Iwase et al. 
(1993) and used to screen a Northern blot of mRNA isolated 
from the stomach of adult, newborn and embryonic rats. It 
was found that elk expression increased in the stomach 
between embryonic days 14 and 16 but was very low by 
embryonic day 18 and in newborn rats. No expression was 
seen in the stomach of adults. RNA was also prepared from 
three cases of human gastric cancer and it was found that elk 
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expressed in neurons and may play a role in neuronal 
maintenance in the chicken brain. 

A variant of cekS was isolated from the same 10 day 
chicken embryo cDNA library and is termed cek5+ (Sajjadi 
& Pasquale, 1993). This partial length cDNA variant codes 
for an eph-Yikc receptor with an insert of 16 amino acids in 
the juxtamembrane region, which may be the result of alter- 
native splicing. A Northern blot of 10-day-old chicken em- 
bryo brain and body tissue was screened with a probe specific 
for cek5* and one that would recognise both cekS and 
cek5*. Using the probe that recognises both cekSs a 4.4 kb 
transcript was detected in 10 day embryonic brain and body 
tissues, with a 10 kb transcript also being detected in the 
brain. The cekS* probe detected the 4.4 kb transcript only, 
and this was expressed exclusively in the CNS. cek5 + 
therefore appears to be a neuronal-specific variant of 
cekS. 



Figure 2 Schematic representation of the eph subclass of 
putative receptor tyrosine kinases. 



sek 



mRNA levels were several times higher in 2/3 cases when 
compared with RNA prepared from normal gastric tissue 
(Table I), elk may therefore have a role to play in human 
gastric cancer; however, a larger study must be undertaken 
before any firm conclusions may be drawn. 



eck 

The third member, isolated from a human keratinocyte 
cDNA library, has been termed eck (epithelial cell kinase), 
and as the name suggests is expressed primarily in cells of 
epithelial origin (Lindberg & Hunter, 1990). The mRNA is 
4.7 kb in size and was shown to be most highly expressed in 
rat lung, skin, small intestine and ovary, with lower levels 
seen in the kidney, brain, spleen and submaxillary gland 
(Table I). Eck was the first member of. this family to be 
shown to have intrinsic tyrosine kinase activity. This was 
demonstrated by immunoprecipitating the 130 kDa Eck pro- 
tein from A431 cells (a human vulva carcinoma-derived cell 
line) using an antibody raised against a TrpE fusion protein 
containing 101 amino acids from the C-terminal tail of Eck 
and then performing an in vitro kinase reaction on the 
immune complex. The phosphorylated protein was subjected 
to phosphoamino acid analysis, which confirmed that the 
majority of the phosphate was on tyrosine. 



cekS 

cekS (chicken embryo kinase) was isolated from a 10 day 
chicken embryo cDNA expression library probed with anti- 
phosphotyrosine antibodies (Pasquale, 1991). Antibodies to 
the Cek5 protein were raised against a p-gal fusion protein 
consisting of 759 amino acid residues (including all of the 
intracellular domain) and a synthetic peptide consisting of 
the ten amino acids from the C-terminal tail. Using these 
antibodies the Cek5 protein was found to have an apparent 
molecular mass of 120 kDa and its pattern of expression in 
the 10 day chicken embryo, determined by Western blotting, 
was found to be highest in the brain, marginally lower in the 
kidney, lung, thigh, gizzard and intestine, and lower still in 
the liver, heart and lens (Table I). In the adult chicken 
protein expression was found to be most abundant in the 
brain and detectable in most of the tissues seen in the em- 
bryo, but at a lower level. A more detailed study on the 
embryonic and newly hatched chicken brain revealed that 
expression decreases gradually during embryonic develop- 
ment and after hatching. Immunocytochemical staining 
showed that the CekS protein is expressed in regions that are 
rich in nerve cell processes especially in the hippocampus and 
the cerebellum (Pasquale et al, 1992). CekS is specifically 



Another eph family member, sek (segmentally expressed 
kinase), seems to be involved in the development of the 
mouse hindbrain. sek was isolated from an 8.5 day mouse 
embryo cDNA library and the gene has been mapped to 
mouse chromosome 1 and human chromosome 2 (Gilardi- 
Hebenstreit et al., 1992). Murine sek mRNA is 7.0 kb in size 
and was found to be most highly expressed in the aduli 
mouse brain. However it was also detectable in the heart ano 
lung, with a lower level of expression being seen in the 
kidney (Table I). A detailed study of the expression oi 
mRNA in the developing mouse brain revealed sek is exp 
ressed initially in the forebrain and hindbrain but not in the 
midbrain, with expression becoming more restricted within 
the developing forebrain (Nieto et al., 1992). sek also appears 
to be expressed in the developing neural tube of the spinal 
cord and sek may therefore have a role to play in the initia! 
steps of neuronal differentiation in the spinal cord of the 
mouse. Later on in development sek may play a role ir 
neuronal maintenance as is suggested for cekS. 



cek4/mek4/hek 

Chicken cek4 (isolated at the same time as cekS) encodes ; 
7.5 kb mRNA which was detectable in brain, head structure; 
and body tissues of an 8 day chicken embryo (Sajjadi et al. 
1991). Expression of the 7.5 kb transcript was most pro 
nounced in adult brain and retina, but was detectable in al 
other adult tissue except the liver (Sajjadi & Pasquale, 1993) 
cek4 was used to isolate the mouse homologue termed mek< 
(mouse embryo kinase) (Sajjadi et al., 1991), not to be con 
fused with MAP kinase/£RK kinase (MEK), which is res 
ponsible for phosphorylating the extracellular signal 
regulated kinases (ERK) (Crews et al, 1992). A cDN/ 
coding for a soluble form of mek4 was isolated at the sam< 
time as the usual membrane-spanning form. The solubl* 
form consists of the extracellular domain only and possesse 
no transmembrane coding region. The mek4 gene that code 
for the full-length and secreted form of the receptor possesse 
an internal exon which encodes a polyadenylation signal. Us» 
of this exon would result in the secreted form of mek4 beinj 
transcribed. This phenomenon has been noted for variou 
RTKs, including the EGF receptor, c-er£>B-2 and some of th 
FGF receptors. There is evidence to suggest that expressioi 
of truncated receptor tyrosine kinases are developmentall; 
regulated (Vu et al., 1989), however the function of thes< 
secreted extracellular domains has not been determined. On 
suggestion is that they may help regulate the levels of growtl 
factors surrounding the cell or alternatively they could bin* 
to the full-length receptor and inhibit activation by prevent 
ing productive dimerisation (Petch et al., 1990). 

The mek4 mRNA is 6.0 kb in length and expression i 
similar to elk in that the highest level is seen in the brain am 
a lower level is detected in the testis, but the mRNA foum 
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here is only 3.4 kb in length and may represent a third form 
of this receptor, which may again be the result of alternative 
splicing (Table I). No mRNA of the soluble form of mek4 
was detected, and it may be that this form is expressed in a 
tissue-specific and/or a stage-specific manner. Further studies 
are required to confirm this. 

The human homologue of cek4/mek4 is termed hek. This 
was cloned from a cDNA library prepared from mRNA 
obtained from a human pre-B-cell line LK63/C20 + (a variant 
of the parental cell line, LK63) (Wicks et al., 1992). A 
monoclonal antibody, III.A4, which recognises the human 
Hek protein, was made by immunising Balb/c mice with the 
LK63 cell line. This was then used to perform biochemical 
analysis on the Hek protein. Immunoprecipitation of labelled 
Hek from LK63 cells showed the mature protein to have a 
molecular mass of 135 kDa, and 95 kDa when deglycosy- 
lated. When Hek was immunoprecipitated from LK63 cells 
labelled in vivo with 32 P, a weak band of 135 kDa was 
detected, suggesting that Hek had been phosphorylated to a 
low level. However, in attempts to find a specific ligand, no 
increase in phosphorylation of Hek was observed when cells 
were treated with a variety of cytokines (Boyd et al % 
1992). 

Two approaches were taken to determine the distribution 
of the Hek protein in normal and tumour tissue. The first 
was using immunocytochemistry on frozen sections of solid 
human biopsy tissues and the second was immunofluores- 
cence followed by flow cytometry on single-cell suspensions 
of haemopoietic cells and solid human tissues. The results 
showed that normal tissue (spleen, lymph node, bone mar- 
row, tonsil, breast and brain) and some acute lymphoblastic 
leukaemia, breast, cervical, prostate, ovarian and renal car- 
cinomas were negative for Hek protein expression, whereas 
1/28 chronic lymphocytic leukaemias and 2/39 acute myeloid 
leukaemias were positive. These data suggest that Hek may 
play a role in some human haematopoietic cell tumours. 

Northern blots of mRNA from LK63 and the T-cell line 
JM probed with the hek cDNA revealed a band of 
5.5-6.0 kb. When Southern blot analysis was performed on 
DNA prepared from LK63 and LK63/C20\ which express 
higher levels of hek than LK63 cells, no amplification or 
rearrangement of the hek gene was detected. Further studies 
should be undertaken to determine whether the hek gene is 
overexpressed and/or amplified in human haematopoetic cell 
tumours and/or solid human tumours. 



hekl 

The hekl gene was isolated using PCR technology. Human 
cDNAs from embryonic tissue were used as templates and 
the primers were designed to specifically recognise eph-X\kz 
receptors. The predicted amino acid sequence on the hekl 
gene is most similar to the partially sequenced eph-X\kc recep- 
tor, cekXO (Figure 1), and the gene has been located to the 
distal end of human chromosome 3. Northern blot analysis 
of human tissue, using the hekl probe, recognised a tran- 
script of 4.6 kb. Expression was highest in pancreas, lung, 
placenta, brain and kidney, with lower expression being 
noted in heart, skeletal muscle and liver (Table I), hekl 
transcripts were also detected in tumour cell lines of 
squamous and breast origin but not from epithelial cells of 
the lung or HeLa cells. A hekl transcript was detected in 
A431 cells and lysate from these cells was used in an in vitro 
kinase assay using polyclonal antibodies which were raised 
against a synthetic peptide to the C-terminal end of the 
predicted Hek2 protein sequence. The phosphorylated Hek2 
protein was determined to be approximately 130 kDa 
(Bohme et a/., 1993). 



Partially sequenced eph family members 

Many partial cDNA sequences of putative receptors belong- 
ing to the eph family have been reported, eek (eph-and 



elk-related fcinase) was isolated from a rat brain cDNA 
library and was used to isolate human erk (elk-related fcinase) 
(Chan & Watt, 1991). This should not be confused with the 
ERK proteins, which are extracellular signal-regulated 
/rinases which become phosphorylated by MEK (Crews et al 
1992). eek mRNA was only detectable in the rat brain* 
whereas erk mRNA was highest in lung and lower in rat 
placenta, brain and kidney. Recently a longer clone of erk 
was isolated from a human gastric cancer cDNA library and 
found to differ from the original clone in one predicted 
amino acid residue (Iwase et al., 1993). Northern blots of 
RNA prepared from the stomach of embryonic and adult 
rats plus mRNA from three cases of human gastric cancer 
were probed with this longer erk clone. It was found that erk 
was preferentially expressed in 16 day rat embryo stomach 
and weakly, if at all, in the adult forestomach and glandular 
stomach, erk expression was much higher in 3/3 human 
gastric cancers examined when compared with normal gastric 
tissue, erk may therefore play a role in human gastric 
cancer. 

In another study using PCR technology five partial 
sequences coding for eph-Xike receptors, tyroX, 4, 5, 6 and 11, 
were identified using rat cDNA as the template (Lai & 
Lemke, 1991). When their predicted amino acid sequences 
are compared with all other Eph-like receptors it is noted 
that 100% identity exists between rat Tyrol and mouse 
Sek/chicken Cek8 (see below). One hundred per cent identity 
is also shared between Tyro4 and human Hek, Tyro5 and 
human Erk and Tyro6 and human Hek2. Tyro 11 is most 
closely related (93% identical) at the predicted amino acid 
level to human Hek2. These partial clones may therefore 
represent rat homologues of the given full-length Eph-like 
receptors. The expression of the various tyro mRNAs in 
adult and neonatal rat tissues was examined. tyroX and 4 are 
preferentially expressed in the cells of the CNS and the level 
is fairly constant from embryo day 12 to adulthood for tyroX, 
whereas tyro4 expression drops sharply at birth. tyroS 
mRNA is found exclusively in the neural tissue, and the level 
of expression falls shortly after birth. tyro6 mRNA is found 
in the brain, where expression is maximal at embryonic day 
12, after which it gradually falls and by 10 days after birth is 
fairly constant, tyroXl has a different expression pattern and 
is found predominantly in the heart and kidney, with a lower 
level being detectable in neural tissue. Five partial length 
eph-Xikt receptor cDNAs were isolated from the 10 day 
chicken embryo cDNA library, used to isolate cek4 and 5, 
and a 13 day chicken embryo brain cDNA library (Sajjadi & 
Pasquale, 1993). These have been termed cek6, cekl, cekS, 
cek9 and cekXO. cek6 is thought to be the avian homologue 
of rat elk, while cekS is considered to be the avian 
homologue of rat tyroX and murine sek. ceklO is thought to 
be the avian homologue of human hekl, whereas cekl and 
cek9 appear to be new eph-Xike receptors (see the 
phylogenetic tree in Figure 1). cekl mRNAs were found to 
be mainly expressed in embryonic and adult brain. The 
highest level of cekS mRNA expression is found in the adult 
chicken brain and retina. cek9 mRNA levels were highest in 
the adult chicken thymus, and lower in the brain, retina, 
kidney, lung and heart (Table I). 

A variant form of cekXO, termed cekX0 + , was isolated. This 
variant possesses an insert of 15 amino acids in the jux- 
tamembrane domain, similar to that seen with the cekS 
variant, cek5+. This variation may be the result of alternative 
splicing, but the significance of this is as yet unclear. 

A partial eph-Xike receptor sequence was isolated using 
PCR technology. mRNA from a human breast cancer cell 
line was used as the template and the primers were 
degenerate oligonucleotides to protein kinases. One out of 32 
tyrosine kinase-coding PCR products was found to belong to 
the eph family and was termed tkl (Cance et al., 1993). At 
the predicted amino acid level, 91% identity is shared 
between Tk2 and human Eck. The level of tkl expression 
was beyond the limits of detection of a Northern blot of 
RNA prepared from various epithelial cell lines. However, 
tkl expression could be detected in some of these cell lines 
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when PCR technology was used, but when nine human 
primary and metastatic breast cancers were examined using 
this technique tkl was undetectable. 



Conclusions 

Owing to modern molecular biology techniques the eph 
family is rapidly expanding, and is presently the largest 
known family of RTK.S. However, at present only very 
limited information as to their possible functions is available. 
It appears that sek, cekS, elk, eek and possibly tyro\, 4, 5 and 
6 may have roles to play in the development of the brain and 
CNS, and in the maintenance of these tissues. As to the 
functions of the remaining family members, further studies 
must be undertaken before any conclusions can be made. 
Although there is preliminary evidence to suggest that eph, 
hek, erk and elk may be involved in some forms of human 
cancers, larger studies are necessary to confirm this. Other 
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family members should also be investigated for mutation 
gene amplification and/or overexpression in human ca 
cinomas. 

There is evidence to suggest that cekS, cekXO and mel 
may exist as alternatively spliced variants. The significance < 
the resulting truncated receptor, in the case of mek4, < 
receptors possessing inserts in the juxtamembrane region, : 
is seen with cek5 + and cekX0 + , is as yet unknown, howev 
this warrants further investigation. The other eph-likc recej 
tors should also be examined for splice variants. 

Once the ligands for the Eph-like receptors have bee 
identified, biochemical studies will be possible and the tn 
functions of this large family of 'putative' growth fact* 
receptors will begin to be unravelled. 
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We have previously amplified cDNA subfragments of 
protein-tyrosine-kinases (PTKs) by using the polymerase 
chain reaction (PCR) and specific sets of oligonucleotide 
primers derived from nucleotide sequences of their 
kinase domain. In this study we have used a more 
directed approach to identify new members of the EPH/ 
elk-family by PCR of human embryonic cDNA: we 
utilized oligonucleotide primers specifically designed to a 
highly conserved N-terminal motif and the kinase region 
of EPH/elk-PTKs in RNA-PCRs. The 5' and 3' elonga- 
tion of the primary PCR product was achieved by the 
RACE (rapid amplification of cDNA ends)-technique. 
Sequence analysis of 3.8 kb of overlapping PCR pro- 
ducts allowed to identify a novel receptor-PTK, HEK 2 
(Auman imbryo Ainase 2), as an additional member of 
this family, without the need to screen a cDNA library. 
This approach should be useful for the rapid isolation of 
other PTK-genes as well. Analysis of genomic DNA 
placed HEK 2 on chromosome 3. Northern blot analysis 
demonstrated the expression of a 4.6 kb HEK 2-mRNA 
in lung, brain, pancreas, liver, placenta, kidney, skeletal 
muscle, heart and several human cells. In a protein 
kinase assay with HEK 2-specific immunoprecipitates 
from the human epidermoid carcinoma cell line A431, a 
protein of 130 kDa was found phosphorylated. 



Receptor-tyrosine-kinases (RTK) represent a family of 
proteins that transmit signals from the external -en- 
vironment into the cytoplasm of the cell after binding 
specific ligands. Binding of a ligand to their extracel- 
lular domain activates the catalytic domain inside the 
cell. Interaction of this domain with cytosolic proteins 
allows to transmit the signal further. Alterations of 
growth factors and their receptors have been shown to 
disturb the network of growth control and in some 
cases to be linked to malignant transformation (Bishop, 
1987). The epidermal growth factor receptor (EGFR), 
colony stimulating factor 1 receptor (CSF-1R) and ros 
achieve transforming potential by truncation or muta- 
tion (v-erbB, v-fms and v-ros, respectively) due to 
retroviral transduction (Downward et aL> 1984; Mat- 
sushine et al., 1986; Sherr, 1990). Alternatively, overex- 
pression and structural rearrangement may also render 
oncogenic potential to RTKs. Given the key role of 
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PTKs in controlling cell proliferation and their poten- 
tial oncogenic activation, identification of members of 
this family, which participate in the development of 
human cancer is of utmost interest. PTKs are often 
poorly expressed in cells. Here, we applied reverse 
transcription of RNA and subsequent amplification of 
the cDNA by the polymerase chain reaction (PCR) 
to detect low levels of PTK-transcripts. With this 
approach, we identified a new RTK, whose sequence is 
related to the EPH/elk-family. 

Isolation and characterization of an EPH/elk-related 
gene 

The comparison of the amino acid sequences of the 
catalytic domains of human PTKs has previously led 
to the identification of short, highly conserved regions. 
These coding sequences are suitable for the design of 
degenerate oligonucleotide primers which can be used 
in PCR reactions to identify new PTKs (Hanks et ai, 
1988; Wilks, 1989; Partanen et al. 9 1990; Holtrich et 
al. y 1991). This approach had two disadvantages: (i) 
Only small segments (approx. 200 bp) of carboxyter- 
minal kinase domains were amplified in PCR reactions, 
(ii) The amplification of specific PTK-genes could not 
be achieved by this technique. To circumvent these 
obstacles we analysed N-terminal amino acid sequences 
for conserved regions. For EPH/elk-family members 
the motif CKETFNL in the N-terminus was found. 
Oligonucleotide primers (N1-N8) to the potential cor- 
responding nucleic acid sequences were used in com- 
bination with primers (P6[l-4]) derived from the 
catalytic domain (SDVWS-motif, Figure la) in PCR 
reactions with cDNA templates from human embry- 
onic tissues. Several combinations of primers gave rise 
to the anticipated amplification products of 2 kb, 
which represented a number of different sequences. 
One was shown to be identical to the previously des- 
cribed gene HEK (Wicks et a/., 1992). A second PCR 
product, called Bl, was found to contain 2079 bp and 
encoded a portion of an unknown gene. Since this 
cDNA did not encompass the entire open reading 
frame, specific primers from the 5' region of Bl were 
utilized for cDNA synthesis. The cDNA was subse- 
quently ligated to a 3' modified oligonucleotide (EB) 
and amplified using primer EB(com) and the Bl 
specific primer E8, resulting in the extension of 560 bp 
of upstream sequence (Figure lb). To complete the 
missing 3' portion of Bl anchored PCR was perform- 
ed: a cDNA, starting at the poly A-tail, was syn- 
thesized with P12(T + ). Subsequent PCR amplification 
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-AAAAAA 
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I 1 ™* V f? sltlon of p CR-pnmers with respect to the isolated cDNA. The figure shows the domain topology of the EPH/elk- 
RTKs; highly conserved motifs are indicated below the domains, (a and b) indicate localization of PCR-primers used for the 
isolation of HEK 2. TM = transmembrane domain. First strand cDNA synthesis was carried out using 1 ug total RNA from 
human embryonic cells and 5 U M-MuLV reverse transcriptase in 50 mM Tris-HCI pH 8.3, 75 mM KCI, 10 m M DTT. 3 mM MeCl, 
500 hm dNTPs . WO Mgml-" BSA, and 0.2 PTK specific primer P6(4). One half of the first strand synthesis was used as a 
template in a PCR (30 cycles) in 8.3 m M Tris-HCI pH 8.8, 41.7 m M KC1, 1.25 m M MgCU, 0.01% gelatine, 166.7 ^im dNTPs 0 2 um 
each pnmer and 2.5 U Taq (Cetus). Each cycle consisted of 1 min 95'C, 2 min 70"C (or 50- 60'C annealing temperature Vor less 
homologous pnmers) and 3 mm at 72*C For oligonucleotide ligation 10 U RNA ligase and 2 um 3' modified primer EB was added 

11 ?fn" , 2 £tp a ^ m u T T «.5? P 5i mM MgCl2 * 10 " g mI " ' BSA ' 40% PEG 6000 ' 1 mM he * amine c <>baU chloride 

and 20 um ATP and incubated at 22*C for 48 h. The ligation product was subsequently purified and used as template in a PCR GO 
cycles) with 0.2 um pnmer EB(com) and the specific E5 primer in 10 mM Tris-HCI pH 8.8, 50 m M KC1, 1.5 mM MgCU 0 01% 
gelatine, 0.2 mM dNTPs and 2.5 U Taq. From this reaction, 1 ul (out of 50 ul) was used as template in a second PCR using the 
specific primer E8. Anchored PCR was similar to a previously described technique (Loh et aL, 1989) Briefly cDNA was 
synthesized usmg primer P12(T + ). Half of a tailing reaction was used as template in a PCR (30 cycles) as described above with 
0.2 um of the anchor pnmer P12(T-) and the specific HEK 2 primer E3. The following primers were used- P6(4VS: 

GACCAGTCGGATCCGAATTCAG/N5-5'-TGCAAGGAGACATTCAACCT/E3-5'(nt 2347-2378) E5-5' (nV 6^6-594)/^ 5 Wnt 
2055-203D/E8-5' (nt 560-535)/El3-5' (nt 1 769- 1 743)/E16-5' (nt 1242- 1222)/E18-5' (nt 1034-1009)/E19 5' (nt 801-777) 



with the specific primer E3 located at the 3' end of Bl 
and primer P12(T-) provided the complete 3' coding 
region of the gene and 784 bp of 3' untranslated 
sequence (Figure lb). Both, upstream and downstream 
extension products of Bl (later renamed HEK 2) were 
sequenced directly. To verify the sequence overlapping 
fragments were amplified from embryonic cDNA and 
analysed again. 



HEK 2 represents a new member of the EPH/elk-family 

The analysis of the combined sequences showed that 
HEK 2 has an open reading frame encoding 998 amino 
acids preceded by a 5' untranslated region of 27 
nucleotides and followed by a 3' untranslated region of 
784 nucleotides (Figure 2). A motif in the 5' noncoding 
region is in agreement with Kozak's rule for the initia- 
tion of translation (Kozak, 1984). The presence of two 
hydrophobic stretches of amino acids, probably repre- 
senting a cleavage signal sequence (residues 1 -33) and 
a transmembrane region (residues 557-582) followed 
by a basic stop transfer motif suggests that the putative 
protein is an integral membrane protein (von Heijne, 
1986; Singer, 1990) with an extracellular domain of 556 
amino acids and a cytoplasmic domain of 416 amino 
acids. Two potential N-linked glycosylation sites were 
found in the extracellular portion. In the N-terminal 
subdomain of the extracellular region clustering of 13 
cysteine residues (aa 269-392) forms a cysteine rich 
box (Lindberg & Hunter, 1990). The carboxyterminal 
portion of the external domain is mostly devoid of 
cysteine residues but contains two regions (aa 336- 
556) which are homologous to fibronectin type III 
repeats (Skorstengaard et aL, 1986; Ruoslahti, 1988). 
The cytoplasmic domain of HEK 2 contains a typical 
catalytic domain of PTKs. The consensus sequence 
Gly-X-Gly-X-X-Gly found in many nucleotide-binding 



proteins and in PTKs is perfectly conserved in HEK 2 
at amino acid positions 640-645 (Wierenga & Hoi, 
1983). A highly conserved lysine residue, which is 
believed to be directly involved in the phosphotransfer 
reaction possibly mediating proton transfer is located 
at position 665 (Kamps et aL, 1984). In addition, the 
invariant amino acids (Asp-Phe-Gly) implicated in 
ATP-binding are located at residues 776-778 and a 
putative autophosphorylation site is found at position 
792. The 3' untranslated sequence contains 784 nucleo- 
tides and a potential polyadenylation signal. 

The new gene has the following overall protein 
sequence identity with each of the fully sequenced 
members of the EPH/elk-family: chicken cek 5 (Pas- 
quale, 1991), 70%; rat elk (Lhotak et aL, 1991), 70%; 
human HEK (Wicks et aL, 1992), 55%; human ECK 
(Lindberg & Hunter, 1990), 47% and human EPH 
(Hirai et aL, 1987), 42%. In addition to the close 
relationship of their sequences; the domain topology of 
HEK 2 is quite comparable to that of the other 
members of the EPH/elk-family (Figure 3). The cluster- 
ing of the cysteine residues in a single cysteine rich box 
distinguishes HEK 2 from other RTK-families like 
FGFR, EGFR or insulin receptor. Furthermore, like 
the other members of the EPH/elk-family HEK 2 con- 
tains a kinase domain, which is not interrupted by an 
insert. Because of its highest homology to the chicken 
gene cek 5 (chicken embryo Arinase), we propose to call 
our new gene HEK 2 (/tuman embryo Arinase). 



Southern blot analysis 

Southern blot analysis of 10 \ig of human genomic 
DNA digested by various restriction enzymes and 
hybridized with an aminoterminal HEK 2-specific 
probe under stringent conditions resulted in two bands 
with PstI digested DNA (2.6 kb and 2.4 kb). EcoRI- 
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GGCTCGGCTCCTAGAGCTGCCACGGCCA^ 90 

MARARPPPPPSPPPGLLPLLP 

CCGCTGCTGCTGCTGCCGCTGCTGCTGCTGCCCGCCGGCTGCCG 180 
p L L LLPLLLLPA GCRALEETL MDTKWVTSE 

TTCGCGTGGACATCTCATC 270 
LAWTSHPESGWEEVSGYDEAMNPIRTYQVC 

AATGTGCGCGAGTCAAGCCAGAACAACTGGCTT<XXIACGGGGTTCATC 360 
N V R ESSQNNWLRTGFIWRRDVQRVYVELKF 

ACTGTGCGTGACTGCAACAGCATCCCCAACATCCCCGGCTCCTGCAAGGAGACCT^ 450 
TVRDCNS I PNIPGSCKETFNLFYYEADS DV 

GCCTCAGCCTCCTCCCCCTTCTGGATGGAGAACCCCTACGTGAAAGTGGACACCATTGCACCCGATGAGAGCTTC 540 
ASASSPFW MENPYVKVDTIAPDESFSRLDA 

GGCCGTGTCAACACCAAGGTGCGCAGCTTTGGGCCACTTTCCAAGGCTGGCTTCT 6 30 

GRVNTKVRSFGPLSKAGFYLAFQDQGACMS 

CTCATCTCCGTGCGCGCCTTCTACAAGAAGTGTGCA 720 
LISVRAFYKKCASTTAGFALFPETLTGAEP 

ACCTCGCTGGTCATTGCTCCTGGCACCTGCATCCCTAACGCCGTGGAGGTGTCGGTGCCACTCAAGCTCTAC 810 
TSLVIAPGTC IPNAVEVSVPLKLYCNGDGE 

TGGATGGTGCCTGTGGGTGCCTGCACCTGTGCCACCGGCCATGAGCCAGCTGCCAAGGAGTCCCAGTG^ 9 00 

WMVPVGACTCATGHEPAAKESQCRPCPPGS 

T ACAAGGCGAAGCAGGGAGAGGGGCCCTGCCTCCC ATGTC CCCCC AAC AGCCGTAC CAC CTCCCC AGC CGCC AGC ATCTGCAC CTGCCAC 990 
YKAKQGEGPCLPCPPNSRTTSP AASICTCH 

AATAACTTCTACCGTGCAGACTCGGACTCTGCGGACAGTGCCTGTACCACCGTGCCATCTCCAC 1080 
NNFYRADSDSADSACTTVPSPPRGVISNV QT 

GAAACCTC ACTG ATC C TCG AGTGG AGTGAGCCCCGGG AC CTGGGTGTC CGGGATG AC CTC CTX5T ACAATGTCATCTGCAAGAAGTGCC AT 1170 
E T j SLILEWSEPRDLGVRDDLLYNVICKKCH 

GGGGCTGGAGGGGCCTCAGCCTGCTCACGCTGTGATGACAACGTGGAGTTTGT^ 1260 
GAGGASACSRCDDNVEFVPRQLGLSEPRVH 

ACCAGCCATCTGCTGGC CC ACACGCGCT ACACCTTTGAGGTGCAGGCGGTCAACGGTGTCT 1350 
TS H L L A H TRYTFEVQAVNGVSGKS PLPPRY 

GCGGCCGTCAATATCACCACAAACCAGGCTGCCCCGTCTGAAGTGCCC ACACTACGCCTGCACAGCAGCTCAGGCAGCAGCCTCACCCTA 1440 
AAV | K I T l TNQAAPSEVPTLRLHSSSGSSLTL 

TCCTGGGCACCCCCAGAGCGGCCCAACGGAGTCATCCTGGACTACGAGATGAAGTACTT^ 1530 
S WA P P ERPNGVILDYEMKYFEKSEGIASTV 

ACC AGCC AGATGAACTCCGTGCAGCTGG ACGGGCTTCGGCCTGACGCCCGCT ATGTGGT C CGC AC AGT AGCTGGCT AT 1620 

TSQMNSVQLDGLRPDARYVVQVRARTVAGY 

GGGC AGTAC AGCCGCCCTGCCGAGTTTGAGAC CAC AAGTG AGAGAGGCTCIGGGGC CCAGC AGCTCC AGGAGC AGCTTC CCCTC ATCGTG 1710 
GQYSRPAE FETTSERGSGAQQLQEQ L P L I V 

GGCTCCGCTACAGCTGGGCTTGTCTTCGTGGTGGCTGTCGTGGTCATCGCTATCGTCTGCCTC 1800 
G S A T A GLVFVVAVVVIAIVCL R KQRHGSDS 

GAGT ACACGGAGAAGCTGC AGCAGT AC ATTGCTCC TGGAATGAAGGTTT ATATTG ACCCTTTT ACC^ 1890 
EYTEKLQQYIAPGMKVYIDPFTYE DPNEAV 

CGGGAGTTTGCCAAGGAGATCGACGTGTCCTGCGTCAAGATCGAGGAGGTGATCG^ 19 80 

REFAKE I DVSCVKIEEVIGAGEFGEVCRGR 

CTGAAACAGCCTGGCCGCCGAGAGX3TGTTTGTGGCCATCAAGACGCTGAAGGTGGGCTACACCGAGAGG 2070 
L KQ P G R R EVFVAIKTLKVGYTERQRRDFLS 

GAGGCCTCC ATC ATGGGTC AGTTTG ATC ACC C CAAT ATAATCCGGCTCG AGGGCGTGGTCACC AAAAGTCGGC CAGTTATGATC CTC ACT 2160 
EASIMGOFDHPNIIRLEGVVTKSRPVMIIiT 

GAGTTCATGGAAAACTGCGCCCTIWACTCCTTCCTCCGGCTCAACGATGGGCA 2250 
EFMENCALDSFLRLNDGQFTVIQLVGMLRG 

ATTGCTGCCGGCATGAAGTACCTGTCCGAGATGAACTATGTGC ACCGCGACCTG^ 2340 
IAAGMKYLSEMNYV mmRmD:m!imPi >i ARNILVNSNLV. 

TGCAAAGTCTCAGACTTTGG^CTCTC 2430 

ATCCG<TIWACTGCCCCAGAGGCCATAGCCTATCGGAAGTTCACTTCTG^ 2520 
IRWTAPEAIAYRKFTSA i -S ";, : D --^ -V". YGIVMWEV 

ATGAGCT ATGG AGAGCG AC C CT ACTGGG ACATGAGC AACC AGGATGTC ATC AATGC CGTGGAGC AGG ATTACCGGCTGCC ACC ACCC ATG 2610 
MSYGERPYWDMSNQDVINAVEQDYRLPPPM 

G ACTGTCCC AC AGCACTGC AC CAGC TC ATGC TGGACTGC TGGGTGCGGGACCGGAAC CTC AGGC C CAAATTCTCC C AGATTGTCAATAC C 27 00 
DCPTALHQLMLDCWVRDRNLRPKFSQIVNT 

CTGGACAAGCTCATCCGCAATGCTGCCAGCCTCAAC^TCATTGCCAGCGCTCA 2790 
LDKLIRNAASLKVIASAQSGMSQPLLDRTV 

CCAGATTACACAACCTTCACGACAGTTGGTGATTGGCTGGATGCCATCAAGATGGGGCGGTACAAGGA 2880 
PDYTTFTTVGDWLDAIKMGR YKES FVSAGF 

GCATC TTTTGAC C TGGTGGC C CAG ATG ACGGC AGAAG AC C TGC T C CGT ATTGGGGTC AC C C TGGC CGGC CAC C AG AAGAAG AT C C TG AGC 2970 
AS FDLVAQMTAE DLLRIGVT LAG H QKK I LS 

AGTATCCAGGACATGCGGCTGCAGATGAACCAGACGCTGCCTGTGCAGGTCTGACACCGGCTCCCACG 3060 
SIQDMRLQMNQTLPVQV* 

G ATGC GAAGCAGC CGGCTGG ACTTTCGG AC^C TTGG ACTTTT^ TGTGGC C C AGAAGCTGG AAGTTTGGGAAAG 3150 

GCCCAAGCTGGGACTTCTCCAGGCCTGTGTTCCCT 3240 

t^tcacccctccccJ&& 3328 



3780 

AGCAGAAT AAAGGCAAT AAGATGAA 3 8 0 i 

Figure 2 Nucleotide sequence and deduced amino acid sequence of the putative HEK 2 protein including partial untranslated 
sequences. The putative signal peptide and the transmembrane region are underlined. Possible sites for N-glycosylations are boxed. 
The motives involved in ATP-binding are marked by dots. The putative autophosphorylation site is indicated by a grey circle. 
Shaded domains show conserved regions among PTKs. The polyadenylation signal AATAAA is underlined. Numbers at the right 
indicate positions of nucleotides. For DNA sequencing primers and unincorporated dNTPs were removed from PCR-products by 
ultrafiltration through Millipore UFC3 TTK00 filters. Sequencing was done using 0.6 pmol of purified DNA and a Taq DyeDeoxy 
Terminator Cycle Sequencing Kit from Applied Biosystems according to the manufacturer's protocol except that the labelling 
reaction was performed for 30 cycles at 96*C - 30 s, 50*C - 15 s, 60*C - 4 min. The products of the sequencing reactions were 
analysed on an Applied Biosystem 373 A DNA sequencer 
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Figure 3 Comparison of amino acid sequences of the human EPH/elk-family: HEK 2, HEK, ECK and EPH. Amino acid 
sequences were aligned by the TREE program of HUSAR, based on a progressive alignment method of Feng and Doohttle (1987). 
The putative signal sequences and the transmembrane domains are boxed. Conserved cysteine residues are marked by dots above 
the sequences. Stars indicate amino acids corresponding to conserved residues of the fibronectin repeal HI. Dashes within the 
sequences indicate gaps introduced to optimize alignment. Motifs for the initial PCR-amplification appear on grey background 



and Hindlll-digested DNA gave rise to a single band 
of 20 kb and 9.4 kb, respectively (data not shown). 
This suggests that HEK 2 is a single-copy gene. Fur- 
thermore, our Southern analysis of genomic DNA 
indicates that probe specificity and hybridization 
stringency are sufficient for discrimination between the 
highly homologous members of the EPH/elk-family. 



Chromosomal location 

We used two different sets of primers for the localiza- 
tion of the HEK 2 gene in human-mouse somatic cell 
hybrids (Willecke et a/., 1990). In PCR reactions wnh 
human genomic DNA both combinations of Pnmers 
generated products of appropriate size, which were 
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visible as a single band on agarose gels. In contrast, 
amplifications with mouse DNA did not yield PCR- 
products. HEK 2 segregates with the human chromo- 
some 3. The gene marker is present in clone GM194 
RAG 7 which contains chromosome 3q2l-3qter. Since 
it is missing in clone GM194 RAG 5-5 which contains 
the remaining part of chromosome 3, the locus is on 
the distal half of 3q. 



Expression of the HEK 2 gene in human adult tissues 
and cell lines 

We examined several human tissues in a Northern blot 
analysis to determine the pattern of HEK 2 expression. 
Using a probe representing a portion of the aminoter- 
minal domain (nt positions 423-2055), a single mRNA 
of 4.6 kb was detected. HEK 2 transcripts were noted 
in lung, pancreas, placenta, brain and kidney. In heart, 
skeletal muscle and liver, HEK 2 mRNA was found to 
be less frequent (Figure 4). A similar distribution has 
been reported for ECK (Lindberg & Hunter, 1990). 
EPH transcripts were detected in rat kidney, lung and 
liver and in smaller amounts in testis (Maru et al y 
1988). 
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Applying the RNA-PCR we were also able to dem- 
onstrate HEK 2 transcripts in cultured human macro- 
phages, but not in T-lymphocytes. The expression of 
HEK 2 in macrophages, however, was at the limit of 
detection of Northern blot experiments. Low levels of 
HEK 2 transcripts were also found in spleen and 
thymus (data not shown). In contrast to HEK 2, the 
expression of HEK was previously shown to be restrict- 
ed to lymphoid tumor cell lines only (one pre-B- and 
two T-cell lines) (Wicks et aL, 1992). In normal human 
lymphoid and bone marrow cells HEK expression was 
not detectable. Since HEK expression was observed on 
a small number of fresh hemopoietic tumor specimens, 
the possibility was raised that HEK is a sporadically 
over-expressed gene. According to our data HEK 2 
appears to play a minor role in the lymphoid system. 



a b 
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Figure 5 Expression of HEK 2 in the epidermoid carcinoma cell 
line A431. (a) Northern blot analysis of RNA from A431 cells 
with a HEK 2-specific probe. The lane contains 10 fig total RNA. 
Total RNA was isolated by the guanidinium isothiocyanate/CsCl 
cushion technique (Chirgwin et at., 1979). RNA was separated on 
an agarose/formaldehyde gel (Lehrach et al. y 1977) and transfer- 
red to a nitrocellulose membrane (Amersham). RNA hybridiza- 
tion was performed as described in Figure 4. The size (kb) of 
HEK 2-transcripts is indicated by an arrow, (b) Protein kinase 
activity of HEK 2 from A43I cells. For protein extraction A431 
cells were grown to 70% confluency, washed twice in phosphate- 
buffered saline (PBS) and lysed in ice-cold modified RIPA buffer 
(0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, 0.5% 
sodium deoxycholate, 20 mM Tris-HCl (pH 7.5), 0.15 m NaCl, 
2 mM e-aminocaproic acid, 1 mM EDTA, 50 mM NaF, 1 mM 
phenylmethylsulfonyl fluoride and lOugrnl -1 aprotinin, leupep- 
tin and pepstatin A, for 30 min. The lysates were centrifuged at 
100 000 £ for 45 min at 4*C. Protein concentration was measured 
by the Brad ford -assay (BioRad, Miichen). Lysate containing 
640 fig protein was incubated with 10 ul preimmune serum or 
rabbit anti-HEK 2 serum for 1 h at 4"C. The HEK 2-anti body- 
complexes were precipitated with 100 ul of 10% protein-A-Seph- 
arose (Pharmacia-LKB). The immunoprecipitates were washed 
five times and incubated for 15 and 30 min at 30*C in 20 ul of 
buffer containing 20 mM Bis/Tris-propane (pH 5.9), 10 mM 
MnCl 2 and 6uCt of [t- 32 P]ATP (3000 Ci mmol" 1 , DuPont NEN). 
Immune complexes of preimmune serum (lane 1: 15 min, lane 2: 
30 min) and rabbit anti-HEK 2 serum (lane 3: 15 min, lane 4: 
30 min) were analysed on a 7% SDS-polyacrylamide gel. Radio- 
labeled proteins were detected with Fuji RX Film with an inten- 
sifying screen for 15 min at — 80'C. The molecular weight in kDa 
of marker proteins is indicated 




Figure 4 Northern blot analysis of the HEK 2 gene. Each lane 
of the multiple tissue blot contains 2 ug of human poly(A) + 
RNA. Lanes 1-8: heart, brain, placenta, lung, liver, skeletal 
muscle, kidney and pancreas. PCR was used to obtain a single- 
stranded specific probe of HEK 2 (nt 423-2055). Radiolabeiling 
of the antisense strand was performed using primers EI 9, 
El 8, El 6, EI 3, E8, E7 and I50uCi [ a - 32 P]dCTP (6000 Ci 
mmol' 1 ). Hybridization was performed with a specific HEK 2 
probe and with a human gIyceraIdehyde-3-phosphate dehydro- 
genase (GAPDH) probe, to indicate the amount of RNA. The 
size marker (kb) is indicated 
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In addition to tissues, several human cell lines were 
examined for the expression of the HEK 2 gene. 
HEK 2 transcripts were detected in tumor cell lines of 
breast and epidermoid origin, but not in HeLa cells 
and epithelial cells of the lung. Figure 5 shows HEK 2- 
RNA and -protein expression in the epidermoid car- 
cinoma cell line A431. Polyclonal antibodies against a 
peptide from the carboxyterminal region of the 
HEK2-protein (amino acids 897-998) were raised in 
rabbits. In immunoprecipitates with lysates from the 



A431 cell line and these antibodies followed by a 
kinase reaction a 130 kDa protein was found to be 
phosphorylated (Figure 5b). 
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Developmental Biology 

Bmbry onic stem ceUs express multiple Epn-subfanuly receptor 
tyrosine kinases ^^^m^^a^w.bo™ 

oncogenesis. This study ^ in * embryonic develop- 

l ph-related molecules during verjn e ^ ly jT ' ic stem (E S) 

isolated from ES cells. Of * e (S ek,Nuk,Eck,and 

one of four previously identified ' frm a novel 

importance of different members of this subfamily a PP 
change as development proceeds. 



The receptor tyrosine kinases (RTKs) 
molecules which transduce signals ; from the «wgj^ reg- 
vironment into the cytoplasm .They 'include we 
ulators of cell proliferation and ^St-derived 

Signaling by an Kims inuuiicu forma- 

lulur proteins that act as second messenger*. t , the 

been found in diverse species including ze b W 'J. B 
IT >• Chi f 3 C 6 S ft l^ea ^^^SpSon' Jauern 

strona expression in the embryo is charac 

H "Ml Second, i/z ««' hybridization and immunolocauzauon 

m • s show associations between the expression of specific 
P ubfanTily molecules and particular ev = org^ 
oiv For example, Eck is transiently expressed in cell adjacent 
to the primitive streak during gastrulat.on, and lat er it tran 
scripts are found in specific rhombomeres of the developing 

TV- pubiication costs of this article were defrayed P^Em"1n 
Payment. This article must therefore be hereby marked advertuemen 
•tcrJanee with 18 U.S.C. §1734 solely to indicate th.s fact. 



hindbrain and in the entoderm 

Sen Faxons have ^»2^^ffi& 
restricted pattern of Nuk and Sek ■ "P^gJ Pref | rentia i ex- 
morphogenesis are other exam^es (U, 1>)- popu lations and 
pression at interfaces between embryonic ■ ceU PJPU> 
in intercellular junctions has ^"^^^^ and 
subfamily ^^^^SS^S^ cell-cell 
cellular migr ^^« n ^Hnding that ligands for some 
contact (15, 22). The recent * . ° d supports this 

"SETS?*? E^^^^>^ ."potential 

notion (Z:S-zo;. ^P" lt ' a V rt „_ r ^ Ynress i onwa s reported 

NIH 3T3 cells, allowing them o form colonies ,„ g ^ 
produce tumors in nude mice . * transge subfam . 

murine mammary cancer ^"P^J^ development of 

PGR) was used to^^^^J^Sted. totf- 
embryonic stem (ES) cells, inese ^ar blastocyst 
potent cells derived from the ^^Xta expre ssed by 
(29). We speculated that Eph re™ differentiation and 
ES cells may be involved *e imt ™ tab ,j sh the 
organizationofembryon.^ were 
blueprint for later dev elopment Nine po* encoded se- 
isolated by this method including one which ^ 
quence from a novel molecule^ We ako cuuu 
under conditions which induced l ,„ , vitro d He ^ 
embryoid bodies containing » ^"g^^a molecules was 
S£STO^1SS^ embryoid bodies by 
Northern analysis. 



MATERIALS AND METHODS 

ES Cel. Cultures The "ff^jSgZ^W 
W9.5 (provided by F. Roentgen of th %™" 3 passage d on 
institute, Melbourne, Austral. a) ^ i Dulbecco's 

underlayers of irradiated embryonic fibrobU«ts 
modified Eagle's medium S . U ^«^MRAD Melbourne). 0.1 
itory factor (LIF, 1000 units /ml. f A . M .^YneVe r um. Cultures 
mM 2-mercaptoethanol. and 1:>% fetal bovine seru 
we fe inTubat'ed in a 10% CO. atmosphere at 37 CU. PgJ. 
ration for the studies described below. ceus w 

Worn reprint ^^JS^taTin deposited in the 
TThe sequence reported in this paper na | » 
GenBaSk database (access.on no. MMU18084). 
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tured into gelatin-coated flasks, and four passages without a 
feeder layer were performed to deplete the embryonic fibro- 
blasts. In some of the cultures, LIF was withdrawn 1 1 days prior 
to harvesting, to allow differentiation into embryoid bodies to 
take place (30). Control cultures of embryonic fibroblasts 
alone were also prepared. 

RT-PCR. Prior to RNA extraction, cultures of undifferen- 
tiated ES cells were disrupted with trypsin and the cells were 
washed in phosphate-buffered saline. Cell pellets were resus- 
pended in buffer containing guanidinium isothiocyanate and 
total RNA was extracted with the use of organic solvents (31). 
cDNA was then synthesized from 1 f±g of total RNA by use of 
an oligo(dT) primer and avian myeloblastosis virus reverse 
transcriptase (Promega). PCR amplifications were performed 
with degenerate primers derived from three regions of se- 
quence which are relatively conserved in the Eph subfamily 
(13) (Fig. 1). Reaction mixtures (30 jxl) contained 50 mM KC1, 
10 mM Tris-HCl (pH 8.3), 1.25 mM MgCl 2 , 0.2 mM each 
dNTP, 2.5 units of Taq polymerase (Perkin-Elmer), 30 pmol 
of sense primer (PI or P2), 30 pmol of antisense primer (P4), 
and 3 /llI of the ES cell cDNA synthesis reaction. In addition, 
mRNA was directly extracted from ES cells with oligo(dT)- 
coated magnetic beads (Dynal, Oslo) and cDNA was synthe- 
sized from 1 jxg of mRNA with an oligo(dT) primer and 
Superscript II reverse transcriptase (Life Technologies, Grand 
Island, NY). Half of the reverse transcription reaction was then 
amplified with primers PI and P4, with other reaction condi- 
tions identical to those described above. PCR products were 
electrophoretically separated, purified with the Geneclean II 
kit (Bio 101), and then subjected to a second round of PCR. 
Products initially amplified with primers PI and P4 were 
reamplified with the same primers, while those amplified with 
P2 and P4 were reamplified with P2 and P3. All reactions were 
carried out in a PTC- 100 programmable thermal controller 
(MJ Research, Cambridge, MA) employing cycle programs 
specific to each primer combination, as follows: 1 min at 95°C, 
2 min at 70°C, and 3 min at 72°C for 30 cycles (primers PI and 
P4); 1 min at 95°C, 1 min at 51°C, and 1 min at 72°C for 35 
cycles (primers P2 and P4); 1 min at 95°C, 1 min at 41°C, and 
1 min at 72°C for 35 cycles (primers P2 and P3). 

Cloning and Sequencing. Reamplified, gel-purified PCR 
fragments were cloned into the Sma I site of pUC18 with the 
SureClone ligation kit (Pharmacia). Recombinant clones were 
sequenced with the Taq DyeDeoxy Terminator Cycle sequenc- 
ing kit (Applied Biosystems); a Perkin-Elmer GeneAmp PCR 
System 2400 was used to perform the sequencing reactions and 
an Applied Biosystems 373 DNA sequencer was used for their 
subsequent analysis. Sequences were compared against se- 
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Fig. 1. Position of the four degenerate oligonucleotide primers 
used for RT-PCR. Relatively conserved peptide motifs on which the 
primers were based are shown above a schematic representation of the 
basic domain structure of Eph-subfamily molecules. ECD, extracellu- 
lar domain; ICD, intracellular domain. The particular amino acid 
sequences shown are from Eph. Two sense primers (PI and P2) and 
two antisense primers (P3 and P4) were synthesized. Their sequences 
were as follows: PI, 

5'-GTAGGCATGCAAGGAGAC(A/C)TT(C/ 
T)AACC-3'; P2, 5'-GCGATGATCAT(C/G)AC(A/G/T)GA(A/ 
G)TA(C/T)ATGG-3*; P3, 5'-GTAGGAATTCCA(C/G/T)A- 
rATr(A/n\CT(A/a\ar-V: P4 V-COA(T/A)A(A/G)CTCCA(C/ 
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quence databank entries with the fasta sequence analysis 
program. 

Northern Blots. Poly(A) + RNA from ES cells, embryoid 
bodies, embryonic fibroblasts, day 12 mouse embryos, and 
adult mouse tissues (5 /xg P er sample) was electrophoresed 
through 1.2% agarose gels containing 2.2 M formaldehyde and 
transferred to nylon membranes (Zeta-Probe, Bio-Rad). The 
Northern blots were then probed with cDNA inserts from 
selected ES cell recombinants cloned by the methods described 
earlier. Sequence analysis (see Table 1) showed that cle;u 
35C4 encoded murine Eck (21), clone 35C11 encoded M . 
(8), and clone 35C15 encoded an apparently novel sequent 
Inserts were digested from these clones with EcoRl and Xbi 
I and used as templates for synthesizing 32 P-labeled probe: 
with the Prime-It II random primer labeling kit (Stratagene) 
A labeled probe was also made from glyceraldehyde-3 
phosphate dehydrogenase (GAPDH) cDNA. All blots wen 
initially hybridized to the 35C15 probe. Subsequently, tru 
membrane containing RNA from ES cells, embryoid bod^> 
and embryonic fibroblasts was reprobed with the Eck 
Mek4 probes. Between each reprobing, hybridized probe a;i 
stripped from the membrane by pouring boiling 0.1% SDS oi 
the membrane and cooling to room temperature. Exposure i< 
x-ray film overnight confirmed effective removal of the probe 
Hybridization to the GAPDH probe was performed last. In al 
cases, hybridizations took place in 50% formamide at 42°C am 
washes were performed under stringent conditions, with th< 
final wash at 65 C C in 0.1 x SSC/0.1% SDS (SSC is 0A Z N 
NaCl/0.015 M sodium citrate, pH 7.6). Autoradiography - 
exposed at -70"C. 

RESULTS 

Eph-Subfamily Molecules Expressed by ES Cells. Primei 
P2 and P4 were expected to amplify ^350 bp from the catalyn 
domain of Eph-subfamily molecules. In contrast, it was anii< 
ipated that primers PI and P4 would amplify about 2. kl 
including much of the extracellular and intracellular do ir 
' (Fig. 1). RT-PCR was initially performed on total kN. 
derived from ES cells. Reactions using primers P2 and P 
amplified a band of the expected size, which reamplified wit 
primers P2 and P3. However, no PCR product of the antic 
pated size was observed when primers PI and P4 were usei 
Subsequently, when magnetically separated po!y(A) + RN 
was substituted for total RNA, reactions with primers Pl an 
P4 successfully amplified a 2.1-kb product. Cloning * lh 
350-bp product resulted in four recombinants com i» r 
Eph-subfamily sequences (Table 1). These were highly homo 

Table 1. Eph-subfamily cDNA clones isolated from ES cells 
by RT-PCR 
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Eph-subfamily molecules; Eph (3) is a human mo R . 
the primers used in the initial amplification during , 
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ol = to either Sek (11), Nuk (15), or Eck (21)— members of 
he 1 P n suofami| y previously isolated from murine sources. 
Syhen the 2.1-kb product was cloned, five recombinants con- 
ning sequences of this subfamily were identified. Four of 
Ihese showed high levels of homology with either murine Eck 
L Mek4 (8), but one clone (35C15) contained 1602 bp of 
sequence which appeared novel after comparative databank 
nalysis (GenBank and GenBank Cummulative Updates, No- 
vember 1995). The novel molecule was termed embryonic stem 
! inase or Esk. 

S, juence and Structural Features of Esk. The sequence of 
lhe partial Esk cDNA is shown in Fig. 2. Its shortfall of about 
-00 bp from the expected length of 2.1 kb is due to a 5'-end 
deletion, which presumably occurred during cloning. The 
deduced amino acid sequence of Esk was obtained by using an 
open reading frame spanning the entire cDNA fragment. This 
encoded a sequence of 533 amino acids (Fig. 2). Sequence 
homology strongly suggests that Esk is a new Eph-subfamily 
m er >er. Its closest relative is the human kinase Eph, which 
jisj vs 83.0% identity in its nucleotide sequence and 78.8% 
identity at the amino acid level. Eck is the closest murine 
relative, showing 44.9% amino acid identity. An alignment of 
the peptide sequences of Esk, Eph, and Eck is shown in Fig. 3. 
Included in the Esk sequence is a group of hydrophobic 
residues (amino acids 269-289) which form a putative trans- 
membrane domain, dividing the molecule into extracellular 
and intracellular portions. Two fibronectin type III repeats are 
arr;: ied in series in the C-terminal part of the extracellular 
doi. in. Similar repeats are found in all other Eph subfamily 
molecules (4, 10, 18). Also highly conserved in this group is a 
eysteine-rich box (6, 18) in the N-terminal region. All of the 
expected cysteine residues were encoded by the 35C15 se- 
quence, except for the anticipated cysteine at position 104, 
which was replaced by an arginine. Since 35C15 was cloned 
after a total of 60 cycles of amplification using Tag polymerase, 



a small number of base misincorporations would be expected. 
To check whether this was responsible, cDNA was reverse 
transcribed from ES cell poly(A) + RNA and subjected to 35 
cycles of PCR using Taq polymerase and two Esk-specific 
primers 519 bp apart. A product of the expected size was 
amplified and directly sequenced with the PCR primers. 
Unambiguous sequence data were obtained over a region 
corresponding to bases 45-397 of clone 35C15, and this 
contained four base differences compared with the cloned 
PCR fragment. The differences included a thymine instead of 
a cytosine at base 311, which would result in a cysteine at 
residue 104. All analyses and figures in this report employ the 
bases observed by direct sequencing of PCR product where 
they are different from those in clone 35C15. 

Several features of the deduced peptide sequence of Esk 
imply protein-tyrosine kinase activity. The putative intracel- 
lular domain contains a kinase consensus region, beginning at 
residue 343 (32). This includes the presumed ATP-binding-site 
motif Gly-Xaa-Gly-Xaa-Xaa-Gly at residues 352-357 and a 
lysine at position 377, thought to be involved in the phospho- 
transfer reaction and highly conserved among protein-tyrosine 
kinases (32). However, the partial cDNA sequence ends before 
a complete catalytic domain is encoded. Esk also displays the 
motifs Asp-Leu-Ala-Ala-Arg-Asn (positions 470-475) and 
Pro-Ile-Arg-Trp-Thr-Ala-Pro (positions 510-516), which in- 
dicate substrate specificity for tyrosine (32). However, the 
latter sequencers followed by a conserved glutamate in other 
protein-tyrosine kinases, while in Esk this residue is a glycine. 
This could indicate another PCR artifact. Finally, the tyrosine 
residue at position 502 is a potential autophosphorylation site. 

Esk Expression. Northern analysis revealed expression of a 
4.2-kb Esk transcript in day 12 mouse embryo and adult mouse 
thymus, liver, kidney, lung, and placenta (Fig. 4). Faint bands 
at ^6.0 kb observed in the liver, kidney, and lung samples may 
be due to alternatively spliced transcripts, although weak 
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F 'G. 2. Partial nucleotide and deduced amino acid sequences of Esk. Nucleotides are numbered down the left side of the figure; amino acids 
ar e numbered above the peptide sequence. The putative transmembrane domain is overlined. Clone 35C15 showed the following differences when 
c °mpared with directly sequenced PCR product over nucleotides 45-397: nt 86 = C, aa 29 = Pro; nt 232 = G, aa 77 = Arg (unchanged); nt 254 
55 G, aa 85 = Val; nt 311 = C, aa 104 = Arg. 
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FIG 3 Peptide sequence of Esk aligned with two close homology Eph and Eck. Conserved cysteine residues ™ sho^ 

The fibronectfn type HI repeats are indicated with a single overline and the transmembrane domain with a double overhne. The bracket sho«, 
the beginning of the catalytic domain, and the ATP-binding motif is marked with dots. 



hybridization to related molecules cannot be excluded. No 
signal was detected from lymph node, spleen, heart, brain, or 
skeletal muscle. 

Comparative Expression of Esk, Mek4, and Eck in ES Cells 
and Embryoid Bodies. To determine whether expression of 
Eph-subfamily molecules occurred in ES cells at a significant 
level and to investigate potential changes in expression as ES 
cells differentiated in vitro, a Northern blot containing ES cell 
and embryoid body RNA was sequentially hybridized to Esk, 
Mek4, and Eck probes. Embryonic fibroblast RNA was in- 
cluded as a control on this blot, because some fibroblast 



contamination of the ES cell and embryoid body samples ;^uld 
not be excluded. As shown in Fig. 5, the Esk probe hybr od 
to all three samples, approximately in proportion i ^nc 
amount of RNA present. This indicates sign ificant levels ot Esk 
expression in ES cells and embryoid bodies and could not be 
accounted for by fibroblast contamination alone. In contrast- 
expression of Mek4 was barely detectable in the ES cell 
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Fig. 4. Expression of Esk. Northern blots were prepared with 
poly(A)+ RNA (5 jig P er ,ane ) extracted from day 12 mouse embryo 
and the adult mouse tissues shown. Hybridization was performed in 
turn to a 32 P-Iabeled probe derived from clone 35C15 and a GAPDH 
nrobe. The positions of RNA size markers are indicated to the left of 



GAPDH 

Fig. 5. Comparative expression of Esk, Mek4, and Eck 
vitro differentiation of ES cells. Cultures of ES cells were ind ^ L da) , 
differentiate into embryoid bodies by the withdrawal of Lit- y 
prior to harvesting. The Northern blot was prepared with P 
RNA (5 *ig per lane) extracted from undifferentiated ES ceii> ^ 
embryoid bodies (EB), and embryonic, fibroblasts (EF). - ; ^ 
probes synthesized from Esk, Mek4, Eck, and GAP * 
sequentially hybridized to the membrane. The sizes n ,r!,n<; 
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& c A 9 5-kb Mek4 transcript was expressed by the 
£< r %iiic fibroblasts, however, suggesting that the tortbmte 
i t the ES cell lane may be due to contaminating fibroblast 
< FtoS ■ he Eck probe hybridized to all three samples 
CpresS was relatively greater in the «ndif fcrcntmtgK 
g£ Transcripts were of slightly different sizes in the different 

DISCUSSION 

v ne Eph-subfamily cDNA clones were isolated from i ES cells 

CSK^ ^ -o.ecu.es (S*N«1^ 
W ? Mek4) Given that clones were isolated after 60-70 
iimcation cycles using Taq polymerase, PCR artifacts .are >a 
S rea or! "for the less than complete identity ^*F*W£ 
,„ 1C es In support of this, when sequence from Esk ob 
S U L , ,C by S direct sequencing of PCR product was compared 
.h clone 35C15, a misincorporation rate of 4/353 bases 
% was observed in the latter. However, it remains possible 
clones amplified from the catalytic domain with primers 
^ Ind P4 coTd be derived from novel RTKs. This region is 
T hlv conserved within the Eph subfamily and may be close 
SdeS In molecules which have markedly d.vergent 

T"SrS!2S. ( ^ was also identified in ES cells. The 
,1 Z pS sequence of Esk contains the conserved 
Seine rSdues and fibronectin type III repeats characteristic 
f he Eph subfamily. It also shows typical protem-tyrosme 
S™. ca talvtic domain motifs. These findings define Esk as a 
nf the Eoh subfamily of RTKs. Esk most closely 
SS5e.^?J»2£ Sase Eph, with an overall amino acid 
Suence identity of 78.8%. When the most disparate region of 
F,k (residues 302-338) is excluded, the identity is 85.7%. 
Hov ver this remains ess than the similarity between other 
Ed - ubfam ly molecules considered to be interspecies homo- 
foaucs FoSmple, Mek4 shows 95.5% amino fid sequence 
dfnthy to Hek, and murine Eck is 92% identical to Us human 
IwmoloKue (21). Although a definitive answer awaits further 
Shears that Esk may not be the murine homologue of 

E Northern analysis of Esk revealed strong expression in _ES 
cells embryoid bodies, and day 12 embryo, suggesting that Esk 
Z ther Vrelated kinases, has a role in developmen . 
Expansion was also observed in adult ™> u * 'JKJ^ 
kidney, and lung, which implies ongoing roles in h«e ssues^ 
In contrast to the situation for the majority o _.ts .^rmly, Esk 
•rescripts were not observed in adult brain Eph and I Eck .show 
a similar propensity for expression in epithehal issues and 
together with Esk, may form a subgroup within the Eph 

SU ^en expression of two other Eph-related molecules in the 
ES II cultures was investigated, contrasting patterns were 
ob^-ved Mek4 demonstrated no significant expression by 
Northern analysis, while Eck was preferentially expressed by 
undifferentiated ES cells. These results suggest that Esk and 
Eck are likely to be more important than Mek4n.fte.nw ro 
differentiation of ES cells to erribryb.d bodies, A.coro^ary is- 
ihat thev may also be more important in very early embryo- 
genesis I Vo . The identification of Eck protein m gastrula- 
«a S o embryos (22) provides additional support for this con 

ClU W olle the specific functions of Eph-related RTKs in devel- 
opment require further study, several findings indicate involve- 
ment in signaling processes mediated by direct cell-ce I con- 
tact (15 23-26). Therefore, although stimulation of protein 
tyrosine kinase activity is the «nal common pathway of s^ 
transduction, this may be critically linked to . the adhesive 
interactions of these molecules. One possibility is that the 
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extensive family of Eph-related proteins convey positional 
formation between embryonic cells which regulates their 
migration and differentiation. Given the oncogenic potential 
of some Eph-like RTKs (3, 9, 20. 27, 28), the attainment of 
correct position within the embryo might be communicated by 
sSnals which induce proliferation and/or prevent apoptosis. In 
his context, it is interesting that Esk, Eck, and Mek ^were al 
oresent in embryonic fibroblasts. Expressing multiple Eph 
related molecule? may permit fibroblasts to migrate ,nto all 

'The^rmrWunctions of Eph-related proteins in adult 
tissues remain unclear but may be an extension of their 
Sons in development. For example, thymocyte matumnon 
requires direct cell-cell interactions and a specific migration 
partway within the thymus (33). Eph-subfam,ly molecules 
expressed in thymus, such as Esk, are possible mediators of 
some of these interactions. In this context, it is interesting that 
Esk transcripts were not observed in lymph node and spleen 
fuggesdng expression by thymus-specif.c P^y «»ch« 
CD4 + CD8 + T-cell progenitors or thym.c epithelial cells. Stud 
Tes of The ligands of Eph-related RTKs, and potentially the 
outcome of gene targeting experiments, will be required to 
Setter define the biological function of these molecules. 
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We have isolated a Drosophila receptor protein tyrosine 
kinase (RTK) of the Eph subfamily. Dek, for Drosophila 
Eph kinase, possesses all the domains characteristic of 
the Eph subfamily of RTKs and is equally similar in 
sequence to both the EphA and the EphB subclasses. 
Antibody staining and promoter fusions to axon-targeted 
reporters reveal that Dek is expressed by a large subset of 
developing embryonic interneurons and is targeted to 
their axons and growth cones at the time of axon pathfind- 
Ing. Dek is also expressed by photoreceptor cells of 
third-instar larvae as they project axons into the optic 
brain lobe. Misexpression and overexpression of full- 
length Dek or kinase-inactive Dek do not grossly affect 
axon pathfinding. 



INTRODUCTION 

The Eph receptors comprise the largest subfamily of 
receptor tyrosine kinases and have been implicated in 
pattern formation, cell migration, and axon pathfinding 
(for review see Bruckner and Klein, 1998; Drescher, 
1997; Drescher et aL, 1997; Holland et aL, 1998). Over 15 
distinct Eph receptors and 8 of their ligands, the ephrins, 
have been identified to date. Members of the Eph 
subfamily are characterized by their extracellular struc- 
ture consisting of a globular domain, a cysteine-rich 
region unrelated to those of other receptor protein 
tyrosine kinases (RTKs), and two fibronectin (FN) type 
III repeats. The cytoplasmic structure of Eph receptors 
contains conserved catalytic domains and a unique 
sterile alpha motif (SAM) domain which is thought to be 
involved in binding SH2 proteins and is not found in 

1 Present address: Department of Cell Biology, The Scripps Research 
Institute, 10550 N. Torrey Pines Road, La Jolla, CA 92037. 

2 To whom correspondence should be addressed. Fax: (619) 450- 
2172. E-mail: jthomas@Salk.edu. 



other Rl^Sfffi Stein et 

aL, 1998a). The subfamily is divided into two classes, 
EphA and EphB, based upon the amino acid sequence 
homology of their extracellular domains. Ligands of the 
Ephrin-A subclass are attached to the membrane via a 
glycosylphosphatidylinositol linkage, while the Eph- 
rin-B ligands span the membrane via a transmembrane 
domain. 

Genetic analyses of Eph receptors demonstrate their 
involvement in establishing axon pathways in the devel- 
oping nervous system. Null mutations of murine EphA8 
(Park et aL, 1997), EphB2 (Henkemeyer et aL, 1996) and 
EphB3 (Orioli et aL, 1996), and EphA4 (Dottori et aL, 
1998) have revealed mild axon pathfinding and fascicu- 
lation defects. The only identified Caenorhabditis elegans 
Eph receptor, VAB-1, has been suggested to have a role 
in axonal outgrowth and fasciculation (George et aL, 
1998). 

We report here the isolation and characterization of 
Dek, the first identified Eph receptor tyrosine kinase in 
Drosophila. Dek possesses all the conserved domains of 
the Eph RTKs and shares equal homology to both the 
EphA and the EphB receptor subclasses. Dek is ex- 
pressed on the growth cones and axons of embryonic 
interneurons and larval photoreceptor cells. We show 
that over- and misexpression of Dek or kinase-inactive 
Dek do not grossly alter axon pathfinding. 



RESULTS 

isolation of the Drosophila dek Gene 

To isolate novel Drosophila RTKs, we screened an 
adult cDNA library by polymerase chain reaction (PCR) 
using degenerate primers (Lai and Lemke, 1991) corre- 
sponding to amino acid sequences HRDLAARN and 
DVWSYGV within the conserved catalytic domain (Fig. 
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1A). Several novel partial cDNAs were isolated (see 
Experimental Methods). Amino acid comparison of the 
open reading frame (ORF) of one of these clones to 
known RTKs revealed homology to the vertebrate Eph 
subfamily. We next isolated the corresponding full- 
length 4.1-kb cDNA and found it to encode a novel fly 
Eph family member that we have named Dek for 
Drosophila Eph kinase. We mapped the dek gene by in 
situ hybridization to polytene chromosome band 102C6, 
a region of the genome for which there are no deficien- 
cies. 

Like other members of the family, the predicted Dek 
protein possesses a single globular domain, a cysteine- 
rich region, and two FN type III repeats in the extracellu- 
lar domain, as well as a putative transmembrane do- 
main and conserved catalytic region (Fig. IB). Dek also 
contains a conserved stretch of amino acids in the 
juxtamembrane region that includes two tyrosine resi- 
dues known to be major sites of autophosphorylation in 
vertebrate Eph receptors and which appear to interact 
with SH2-containing proteins (Ellis et al, 1996; Holland 
et al, 1997; Stein et al, 1998a; Zisch et al f 1998). The 
cytoplasmic region of Dek contains the conserved SAM 
domain (Ponting, 199£) found in all vertebrate Eph 
receptors (Fig. IB). A conserved tyrosine present in the 
SAM domain of EphBl, also conserved in Dek, has been 
shown to be required for the interaction of EphBl with 
the adapter protein GrblO and the low-molecular- 
weight protein tyrosine phosphatase (LMW-PTP; Stein 
et al, 1996; Stein et al, 1998b). The last three residues of 
Dek,' T-I-I, follow immediately after the SAM domain 
(Fig' 1A). This sequence fits the consensus motif of 
S /T-X-V / 1 that binds one group of PDZ domains (Doyle 
et aL 1996). Many PDZ-domain-containing proteins 
have been shown to be involved with clustering or 
localization of membrane proteins (Sheng, 1996), while 
some allow for the assembly of signaling complexes 
(Tsunoda et al, 1997). 

The Eph subfamily is classified into two groups, 
EphA and EphB, based upon amino acid similarity 
within the extracellular domain. The extracellular por- 
tion of Dek from the globular domain through the FN 



type III repeats shows 32 and 35% identity to EphA3 and 
EphB2, respectively and the cytoplasmic region span- 
ning the catalytic domain shows an equal 71% identity 
to both EphA3 and EphB2 (Fig. IB). Thus, Dek cannot 
readily be placed in either the A or the B Eph subclass 
based on amino acid similarity. 



Dek Is Expressed in the Embryonic Central Nervous 
System (CNS) 

In situ hybridization to whole-mount embryos re- 
vealed that dek transcripts are present in precellular 
blastoderm stage embryos (Fig. 2A), as well as in 
unfertilized eggs (data not shown), demonstrating that 
dek RN A is maternally supplied. A higher concentration 
of dek transcripts is evident in the posterior pole of the 
embryo. In the embryo zygotic transcription of dek is 
confined to the nervous system. Expression commences 
in a large subset of neurons within the brain and ventral 
nerve cord (VNC) at stage 13 when neurons begin 
elongating axons (Figs. 2C and 2D; Fig. 3A). dek contin- 
ues to be expressed in the larval CNS and imaginal 
discs, as well as pupal and adult stages as assayed by 
Northern blot analysis (data not shown). 

To further define which neurons express Dek, we 
generated antibodies to the cytoplasmic portion of the 
Dek protein (see Experimental Methods). Immunostain- 
ing with an affinity-purified mouse antibody revealed 
that Dek is highly targeted to axons and growth cones of 
developing neurons within the VNC (Fig. 3B). Highest 
levels are present on axons within the connectives; 
lower levels are detectable in the commissures. Based 
upon the numbers and morphology of the staining 
axons, Dek is expressed by a large subset of interneu- 
rons and does not appear to be expressed by motor 
~ neurons. 



Analysis of the dek Gene Structure 

To further establish the identity of the de/c-expressing 
neurons, we generated transgenic lines carrying the dek 
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FIG. 2. Expression of dek during embryogenesis. Lateral view of in situ hybridization of dek to whole-mount wild-type embryos showing 
expression of dek. (A) Maternal contribution of dek transcripts in a stage 3 embryo. A higher concentration of dek transcripts is evident at the 
posterior pole (arrow). (B) dek expression is evident in the neural ectoderm (ne) of a stage 10 embryo. In stage 14 (C) and stage 17 (D) embryos, dek 
expression is confined to the nervous system, including the brain (br) and ventral nerve cord (vnc). Anterior is to the left and dorsal is up 
FIG. 3. RNA and protein expression of dek in the VNC. (A) Higher magnification of the VNC from in situ hybridization of dek to a stage 16 
embryo ^ventral view), dek is expressed in a large subset of neurons. (B) Dorsal view of the VNC of a dissected stage 16 embryo immunostained 
with amnity-punried antibodies directed against a nonconserved cytoplasmic portion of Dek. Highest levels of Dek are seen within the 
connectives on the axons (arrow) from a large subset of intemeurons. Dek is also present on axons in the commissures (arrowhead) Anterior is up 
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neural enhancer fused to an axon-targeted reporter 
gene. The dek transcription unit is composed of 10 exons 
spanning approximately 10 kb (Fig. 4). We tested eight 
genomic fragments covering 20 kb (Fig. 4) for enhancer 
activity by examining transgenic individuals each carry- 
ing a fragment fused to either tau(T>myc (Thor and 
Thomas, 1997) or T-lacZ (Callahan and Thomas, 1994). 
As judged by reporter gene expression, genomic frag- 
ments dekD through dekH do not demonstrate any 
enhancer activity. Fragments dekA and dekB drive 
reporter gene expression in patterns completely unre- 
lated to that of dek and thus appear to contain enhancers 
for a different gene located upstream of the dek locus 
(data not shown). In contrast, dekC, a 5.5-kb fragment 
located 2.2 kb upstream of the putative transcriptional 
start site of dek, contains the dek neural enhancer. In 
dekC-^-locZ embryos, T-0-gal expression closely resembles 
the pattern of Dek expression and is confined to a large 
subset of intemeurons that project axons in the commis- 
sures and connectives of the VNC (Fig. 5A). Similar to 
the antibody result, we could detect no reporter expres- 
sion in motor neurons. dekC also drives expression of 
T-0-gal in third-instar larval photoreceptor cells and 
their axon projections into the optic brain lobes (Fig. 5B). 

Misexpression and Overexpression of Dek Have 
Little Effect on Axon Pathfinding 

In order to begin to address its potential role in axon 
pathfinding, we misexpressed Dek using the UAS-GAL4 



system (Brand and Perrimon, 1993). To reliably follow 
the complete translation of Dek, five c-myc epitopes 
were added in frame to the C-terminal end of the Dek 
coding sequence. Transformants carrying the full-length 
myc-tagged dek construct, UAS-dek-myc, were initially 
screened for high expression levels of the c-myc epitope 
by crossing them to a panneural GAL4 line (data not 
shown). Individuals carrying four copies of the highest- 
expressing UAS-dek-myc insertions were crossed to a 
number of GAL4 lines that drive expression in various 
tissues at different developmental times and assayed for 
phenotypes at embryonic, larval, and adult stages (Table 
1 and data not shown). Iirununostaining with anti-Dek 
and anti-myc antibodies revealed that Dek-myc is ex- 
pressed at high levels when crossed to these GAL4 lines 
and the protein is targeted to axons and growth cones in 
a manner indistinguishable from endogenous Dek pro- 
tein (Figs. 6A and 6B). The axonal targeting of Dek-myc 
allowed us to examine subsets of neurons and their 
processes without an additional T-based axon-targeted 
reporter. Despite our observation that Dek-myc protein 
is being expressed at robust levels, misexpression in 
motor neurons or overexpression in intemeurons of 
Dek-myc protein does not appear to generate a pheno- 
type in any of our GAL4 assays (Figs. 6A and B; Table 1). 

The SAM domain, as well as the terminal PDZ 
binding motif, may have biological functions in Dek 
(Hock et ol„ 1998; Stein et al, 1996; Stein et al, 1998b) and 
may be disrupted by the addition of the c-myc epitopes. 
We thus tested a full-length version of Dek without an 
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FIG. 4. Genomic organization of the dek gene. The dek gene consists of 10 exons. Coding region is shaded in black. The arrow denotes the putative 
transcriptional start site. Fragments A-H were tested for enhancer activity using the -r-myc (Thor and Thomas, 1997) or T-{S-gal reporters (Callahan 
and Thomas, 1994). Restriction sites for Bom HI (B), Hmdlll <H), EcoRl (E), and Xbal (X) are shown. 
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FIG. 5. dek promoter fusion to T-lacZ reporter. Immunostainings for r-8-gal in embryos and larvae carrying the defcC-r-IacZ transgene. (A 
Staining of a dissected stage 15 embryo labels a large subset of axons within the VNC. Anterior is up. (B) Larval eye disc staining shows express.or 
of T-B-gal in photoreceptor cells and on axon tracts from the eye disc to the optic lobe. Anterior is to the left. 

FIG. 6 Analysis of GAL4-driven expression of Dek-myc and Dek in the nervous system. Anti-myc immunostaming of dissected stage 1. 
embryos carrying four copies of UAS^ek-myc in trans to (A) A80-GAL4 and (B) sca-CAU; elav^AU. Dek-myc ^ effiaently 'targeted to «on= 
(arrows). The white asterisk marks the intersegmental and segmental nerves containing motor axons expressing Dek-<*yc. (C) Anti-Fascichn 
(FasII) immunostaining of a dissected stage 15 embryo with two copies of UAS-dek in trans to sca-CAU: elav-CAL4. Overall structure of the Fas. 
bundles is normal, although occasional defasciculation is observed (arrowhead). 
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TABLE 1 

Over- and Misexpression of Dek, Dek-myc, and Dek-K759M-myc in 
the Developing Nervous System 



GAL4 


GAL4-driven 




Phenotypic 


line" 


expression pattern 


UAS construct tested* 


analysis 


elaxf 155 


All postmitotic neurons 


dek-myc; dek- 


c 






K759M-myc 






All neuronal precursor 


dek-mvc dek-K7S9M- 


c 




cells 


myc; dek 




elav 


All postmitotic neurons 


dek-myc; dek-K7S9M- 


c 






myc; dek 




sea; elav 


As described above 


dek-myc; dek-K759M- 


cA 






myc; dek 




f^n g '20 


Subset of GMCs and 


dek-myc; dek-K759M- 


cM 


their progeny 


myc; dek 




A80 


Subset of midline neu- 


dek-myc; dek- 


cj 




rons and glia 


K759M-myc 




GMR 


Photoreceptor cells 


dek-myc; dek-K759M- 








myc, dek 





* See Experimental Methods for references of GAL4 lines. 

b UAS-dek-myc and UAS-dek-K759M-myc were tested with four cop- 
ies in trans to different GALA lines expressing in neural tissue. Several 
independent single insertions of UAS-dek as well as double insertions 
were also tested with GAL4-expressing lines. 

c All crosses were scored for viability and general motor coordina- 
tion as well as the morphology of adult wings, bristles, and eyes. Extra 
macrochaete on the scutellum were observed in flies with UAS-dek in 
combination with sca-GAlA; however, this phenotype is not specific to 
Dek overexpression, since the same phenotype was also observed in 
flies with UAS-derailed, and RTK, in trans to sca-GAL4. 

d Intemeuron and /or motor neuron axon morphology of dissected 
embryos immunostained with a-myc or a-Fasciclin II. 

e Axon projections into lamina and medulla. 



epitope tag. As with Dek-myc, UAS-dek individuals 
over- and misexpressing Dek with the panel of GAL4 
drivers were viable and appeared normal. The non-myc- 
tagged Dek does not grossly affect axon pathfinding in 
the VNC, although axon fascicles appeared somewhat 
defasciculated when UAS-dek was driven by scabrous 
(sca)-GAL4 plus elav-GAL4 (Fig. 6C). This sca-GAL4; 
elav-GAL4 combination initiates G AL4 expression at the 
neuroblast stage and continues its expression in postmi- 
totic neurons throughout the CNS (Klaes et al:, 1994; Luo 
et al, 1994). Overexpression of Dek with pGMR-GAL4, 
which drives expression in the photoreceptor cells of the 
larval eye disc (Hay et al, r 1994), does not affect axon 
pathfinding in the developing visual system (Table 1). 
These results indicate that altering the levels or patterns 
of Dek in the CNS by ectopic expression has little effect 
on axon pathfinding. 

We attempted to alter the normal function of endog- 
enous Dek by expressing a kinase-inactive form of the 
protein containing the critical lysine (K759) changed to 



methionine. To assay expression levels, we myc-tagged 
the mutant derivative at the C-terminus. Flies were 
transformed with UAS-dek-K759M-myc and screened as 
described above for high expression levels. Individuals 
carrying four copies of the highest-expressing UAS-dek- 
K759M-myc insertions were crossed to a panel of GAL4 
lines and assayed for phenotypes at embryonic, larval, 
and adult stages. Although Dek-K759M-myc protein, 
like Dek-myc, is being expressed at robust levels, its 
expression does not appear to generate a phenotype in 
any of the assays (Table 1 and data not shown). 



DISCUSSION 

Dek is the first identified Drosophila member of the 
Eph subfamily of RTKs. Given that it exhibits equal 
sequence similarity to both the EphA and the EphB 
subclasses, Dek may represent a prototypical Eph fam- 
ily member from which the two vertebrate subclasses 
evolved. The highly localized expression of Dek on 
axons in the developing nervous system suggests that 
this kinase will have a role in axon pathfinding, espe- 
cially in light of the evidence from vertebrate Eph 
studies which have demonstrated a role for Eph RTKs in 
axon guidance (Dottori et ah, 1998; Henkemeyer et al., 
1996; Orioli et al, 1996; Park et al, 1997). Nevertheless, 
overexpression and misexpression of full-length Dek 
does not grossly perturb axon pathfinding. 

Signaling via the SAM domain may be an important 
part of the biological function of the Eph receptors. A 
conserved tyrosine residue in the SAM domain at the 
carboxy- terminal tail appears to mediate the interaction 
of EphBl with adapter protein GrblO and the LMW-PTP 
(Stein et al, 1996; Stein et al, 1998b). Our initial UAS- 
GAL4 studies used a C-terminal myc epitope tag to 
easily follow the transgenic expression of Dek. Since 
two codons separate the SAM domain and the C- 
terminal myc epitopes, the myc-tag may be interfering 
with the binding of cytoplasmic proteins necessary for 
proper signaling. In addition, the vertebrate Eph recep- 
tor subfamily has a conserved carboxy- terminal se- 
quence that is suspected to be a docking site for 
PDZ-domam-containing proteins. Studies have shown 
that PDZ domains do not bind to internal sequences 
(Songyang et ah, 1997). Most recently, internalization of 
the PDZ motif of the EphB3 receptor prevents interac- 
tion with the PDZ domain of the ras-binding protein 
AF6 (Hock et al, 1998). Therefore, if PDZ-domain- 
containing proteins do not recognize the internal T-I-I 
motif in Dek-myc, then potential clustering and /or 
signaling may not occur. To eliminate any potential 
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interference with Dek function, we constructed IMS- 
dek. Misexpressing this non-myc-tagged version of Dek 
in a wide variety of tissues and developmental times 
does not grossly affect the organism. In all of our 
UAS-GAL4 assays Dek-myc and Dek gave similar re- 
sults. In combination with sca-GAL4; elav~GAL4 or ftz ng - 
GAL4.2Q, which drive GAL4 expression in neural precur- 
sor cells and postmitotic neurons, and subsets of GMCs 
or their progeny respectively, Dek does not appear to 
strongly perturb axon pathfinding in the embryo (Table 
1; Fig. 6C; and data not shown). 

There could be several reasons for the lack of pheno- 
types with full-length Dek. First, the level of Dek 
expression may not be sufficiently high to affect axon 
pathfinding or other putative biological functions in 
which Dek may be involved. Second, for misexpression 
in motor neurons, the Dek ligand may not be present on 
those cells that interact with motor neurons; therefore, 
the signaling cascade of Dek might not be initiated upon 
misexpression of Dek in those cells. Third, for overexpres- 
sion in interneurons, the levels of Dek may not be 
critical, in contrast to systems in which disturbing 
gradients of Eph receptors or ephrins gives rise to 
pathfinding phenotypes. Finally, though less likely con- 
sidering the evidence from vertebrate Eph receptor 
studies, the endogenous Dek receptor may not play a 
role in axon guidance in which case misexpression of 
Dek would not be expected to perturb axon pathfinding. 

We also observed no overt phenotypes as a conse- 
quence of expressing Dek-K759M-myc, the kinase- 
inactive form of Dek. One interpretation of this result is 
that Dek-K759M-myc is indeed interfering with endog- 
enous Dek function, but that Dek is involved in develop- 
mental events other than axonal guidance. Alterna- 
tively, Dek-K759M-myc might not be acting in a 
dominant-negative fashion. Although kinase-defective 
forms of growth factor receptors, such as the insulin 
receptor or c-kit receptor, can cause negative effects 
(Giebel and Spritz, 1991; Moiler and Flier, 1991; Tan et 
al, 1990), there are examples of kinase- inactive receptors 
that can participate in signal transduction. For example, 
a kinase-inactive PDGF (3-receptor is able to mediate 
activation of the MAP kinase signaling cascade using 
endogenous PDGF a-receptor (Vaillancourt et aL, 1996). 
Furthermore, there is evidence that some Eph family 
members can retain partial function even in the absence 
or their kinase domains. In Nuk' acZ homozygous mutant 
mice, EphB2 retains some functions required for proper 
axon pathfinding despite the fact that its catalytic 
domain is replaced with (3-galactosidase (Henkemeyer 
et aL, 1996). Additionally, mutations that truncate the 
kinase domain of the C. elegans Eph receptor VAB-1 



result in weak phenotypes compared to those of vab-1- 
null alleles (George et aL, 1998). Thus, if Dek-K759M- 
myc was interfering in a dominant-negative fashion 
with Dek function, the resulting phenotype could be 
mild in comparison to the null mutant phenotype. 

Although studies in vertebrates have generated in- 
sight into the functions of the Eph RTK subfamily, some 
analyses have been hampered by the functional overlap 
of the many vertebrate Eph receptors. Most of the 
single-receptor knockouts in mice have resulted in 
subtle phenotypes and the mutant mice are completely 
viable and fertile (Dottori et ah, 1998; Henkemeyer et al, 
1996; Orioli et aL, 1996; Park et al. f 1997). Analysis of the 
mouse null mutation of the EphA2 receptor reveals no 
detectable phenotypes (Chen et al., 1996). However, 
when both the EphB2 and the EphB3 receptors are 
absent, mice display a marked increase in the severity of 
axonal pathfinding phenotypes (Orioli et aL, 1996). 
Thus, in vertebrates redundancy has been an issue in 
uncovering the function of the Eph RTK subfamily and 
its signaling pathway(s). Analysis of Eph receptors and 
their ligands may be more amenable in a simpler genetic 
system such as C. elegans or Drosophila, Currently 14 
distinct vertebrate Eph receptors have been identified, 
but Dek represents the only Drosophila Eph receptor 
isolated to date. A single Eph receptor, VAB-1, has been 
identified in the C. elegans genome (George et aL, 1998), 
the sequence of which is complete (Ruvkun and Hobert, 
1998). Therefore, although additional Drosophila- Eph 
receptors may exist, it is unlikely that this organism will 
have the large number of Eph receptors present in 
vertebrates. Further studies of Dek function in Dro- 
sophila employing loss-of- function mutants may pro- 
duce insight into the roles of Eph receptors in the 
developing nervous system. 

EXPERIMENTAL METHODS 

cDNA Isolation 

A Drosophila adult tudor female cDNA library (Strata- 
gene) was screened by PCR using degenerate primers 
(Lai and Lemke, 1991) to the kinase domains HRD- 
LAARN and DVWS(F/ Y)G(I/ V) (M. McKeown, unpub- 
lished results). The generated fragments approximately 
220 bp in length were subsequently cloned into pGEM3 
(Promega). The fragment termed K2, which shows 
significant homology to the Eph RTK subfamily, was 
subcloned into pBluescript (Stratagene) and used to 
isolate a 4.1-kb full-length clone from a Drosophila 
embryonic cDNA plasmid library (Brown and Kafatos, 
1988). This cDNA was sequenced on both strands using 
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the T7 sequencing kit (Pharmacia). The cDN A contains a 
long ORF, the beginning of which contains three puta- 
tive methionine start codons all of which closely re- 
semble the Drosophila translational start site consensus; 
therefore, the precise start of translation has not been 
determined. Arbitrarily using the first methionine of the 
ORF as the start codon, the encoded protein is predicted 
to be 1080 aa in length. Locations of the exon-intron 
boundaries correspond to breaks between cDNA nucle- 
otide numbers 179-180, 630-631, 1297-1298, 2185-2186, 
2362-2363, 2492-2493, 2588-2589, 2959-2960, and 3106- 
3107. 



In Situ Hybridization 

In situ hybridization of whole-mount embryos was 
carried out as previously described (Bourgouin et al, 
1992) using the dek cDNA to generate digoxigenin- 
labeled antisense RNA probes (Boehringer Mannheim). 
The sense (control) probe revealed no signal in the 
embryos. 



Antibody Production m 

Mouse polyclonal antiserum was raised against gluta- 
thione S-transferase fusion proteins (Pharmacia) contain- 
ing aa 994-1022 of the Dek intracellular domain. Mouse 
serum was diluted approximately 1:10 and antibodies 
against the intracellular portion of Dek were affinity 
purified on a column of Dek-maltose binding fusion 
protein containing aa 994-1058 of intracellular Dek 
created by cloning the corresponding dek sequence into 
the vector pMAL-c2 (New England Biolabs). 



Immunostaining 

Dek protein was detected using purified serum di- 
luted 1:10. For the detection of r-myc expression, mono- 
clonal antibody (MAb) 9E10 anti-c-myc was used at 1:30 
(Evan et al., 1985). Rabbit anti-(3-gal polyclonal antibody 
(Cappell) was used at 1:10,000 to detect T-p-gal expres- 
sion and MAb ID4 a-FasII was used at 1:30 (Van Vactor 
et al, 1993). Embryo dissections and immunostainings 
were carried out as previously described (Callahan and 
Thomas, 1994; Thomas et al, 1984). Primary antibody 
incubation was followed by a biotinylated goat anti- 
mouse antibody at 1:1500 (Vector Laboratories), then 
incubation with an avidin-biotin-horseradish peroxi- 
dase complex (Vectastain ABC Elite kit; Vector Laborato- 
ries). The figures were compiled using Adobe Photo- 
Shop. 



Chromosomal in Situs 

Poiytene chromosomes were prepared as described 
(Ashburner, 1989). Chromosomal in situs were per- 
formed essentially as described (Wallrath and Elgin, 
1995) using a dek digoxigenin-labeled antisense RNA 
probe. 

isolation of dek Genomic Clones 

Genomic clones were isolated from a cosmid library 
(Tamkun et al, 1992), and fragments spanning the dek 
locus were subcloned into pBluescript. The exon-intron 
structure was determined by PCR and sequencing of 
these cosmid fragments, as well as by Southern blot 
analysis of the cosmids and chromosomal DNA. 

Generation of Transformants 

P-element transformation was carried out as previ- 
ously described (Rubin and Spradling, 1982) using w 1118 
as host. The dek genomic fragments were inserted 
upstream of the hsp70 ininimal promoter of either the 
C4PT-lacZ vector (Callahan and Thomas, 1994) or the 
pCaSpEr2/17T-myc vector (Thor and Thomas, 1997). 
For each genomic fragment multiple independent inser- 
tions were generated and tested for expression. Four 
independent dekC-^-lacZ lines were examined. Three of 
these displayed identical expression patterns, while the 
fourth most likely reported on expression of a local 
enhancer and was discarded. Two of the three remain- 
ing insertions were placed in cis to each other so that a 
homozygous line containing four copies of dekC^r-lacZ 
was created. 



UAS-dek Constructs 

UAS-dek constructs were made by inserting the modi- 
fied dek cDNAs into pUAS (Brand and Perrirnon, 1993) 
and were confirmed by sequencing across junctions and 
modified sites. It is possible that negative regulatory 
elements are present in the 5' and 3' untranslated ends 
of the dek cDNA (A.L.S. and J.B.T., unpublished results) 
and the three putative start methionines may cause 
inefficient translation of Dek protein. Therefore, for all 
the various UAS-dek constructs, nt 1^174 and 3538-^1120 
of the dek cDNA were deleted. Furthermore, nt 475-^186 
were replaced with a Cavener consensus start site 
(Cavener> 1987) placed directly in front of the putative 
signal sequence of dek (TTTCGAGAATGT changed to 
CAATCAAAATGG). The lysine permutated construct, 
UAS-dek-K759M-myc, is identical to UAS-dek-myc except 
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lysine 759 has been altered to a methionine (AAG 
changed to ATG). For UAS-dek-myc and UAS-dek-K759M- 
myc five c-myc epitopes from vector pCS2+MT (Turner 
and Weintraub, 1994) followed by two stop codons were 
placed in frame directly downstream of nt 3537. Indepen- 
dent insertions of UAS-dek-myc and UAS-dek-K759M- 
myc were screened by ct-c-myc immiinostaining to 
determine those with robust expression. Of these lines, 
those that were healthy as homozygotes were mated to 
each other to generate stocks with multiple copies via 
recombination. Two independent insertions on the sec- 
ond chromosome and two independent insertions on 
the third chromosome, generated by recombination, 
were then made homozygous in one fly strain. UAS-dek 
contains the native stop codon plus one additional stop 
codon instead of the c-myc epitopes, and fly lines 
containing independent single and multiple insertions 
on the second and third chromosomes were used. 



Fly Strains and Crosses 

All stocks were raised on standard cornmeal and agar 
medium. UAS-GAIA crosses were performed at 25 and 
29°C. GAL4 fly strains used were scabrous-GAL4 (sea- 
GAL4; Klaes et al, 1994); elav-GAL4 (Luo et aL, 1994); 
pGMR-GAL4 (Hay et al, 1994); sca-GAL4; elav-GAL4 
(obtained from S. Thor); and ftz ng -GAL4.20 f which is the 
neurogenic enhancer of fushi tarazu driving GAL4 (Lin 
and Goodman, 1994; Thor et a\. f 1999); plus elav^ 55 - 
GAL4 and A80-GAL4 (gifts from C. S. Goodman). 
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Summary 

Mutations in the C. elegans vab-1 gene disrupt the 
coordinated movements of cells during two periods 
of embryogenesis. vab-1 mutants are defective in the 
movement of neuroblasts during closure of the ventral 
gastrulation cleft and in the movements of epidermal 
cells during ventral enclosure of the embryo by the 
epidermis. We show that vab-1 encodes a receptor 
tyrosine kinase of the Eph family. Disruption of the 
kinase domain of VAB-1 causes weak mutant pheno- 
types, indicating that VAB-1 may have both kinase- 
dependent and kinase-independent activities. VAB-1 
is expressed in neurons during epidermal enclosure 
and is required in these cells for normal epidermal 
morphogenesis, demonstrating that cell-cell interac- 
tions are required between neurons and epidermal 
cells for epidermal morphogenesis. 

Introduction 

The shape of an organism is determined by the morpho- 
genetic behavior of its cells. While we know much about 
the process of morphogenesis at the descriptive level 
and from experimental embryology and biochemistry, 
relatively little is known of the genetic mechanisms un- 
derlying morphogenetic movements (Bard, 1992). Many 
common types of morphogenetic movements involve 
epithelia, such as invagination and spreading (epiboly). 
One approach to understanding the molecular mecha- 
nisms underlying such movements is to use genetic 
analysis to identify mutants defective in such move- 
ments. Genetic analysis in Drosophila melanogaster has 
identified cell signaling pathways required for dorsal 
epidermal closure (Knust, 1997), including a JNK path- 
way that regulates cell shape changes in the leading 
edge (Glise et al., 1995; Riesgo-Escovar et al., 1996; 
Sluss et al., 1996), and TGFp signaling pathways that 
may transmit sijgnals to cells behind the leading edge. 
Another type of epithelial morphogenesis that has 
been analyzed genetically is ventral furrow invagination 
during Drosophila gastrulation. Genetic screens have 
identified two loci required for cell shape changes in 
gastrulation: the G a subunit concertina (eta) (Parks and 
Wieschaus, 1991) and the novel secreted protein folded 

§To whom correspondence should be addressed. 



gastrulation [fog) (Costa et al., 1994). Thus, both these 
types of epithelial morphogenesis involve cell signaling, 
either via JNK and TGFp pathways in epiboly or via eta 
and fog pathways in invagination. 

The epidermis of the nematode Caenorhabditis ele- 
gans is a simple system in which to analyze epithelial 
morphogenesis. The epidermis, also known as hypoder- 
mis, begins as a set of cells bom in the dorsal part of 
the embryo (Sulston et al., 1983) that forms an epithelial 
sheet. Ventral enclosure of the embryo by the epidermis 
occurs in two steps (Williams-Masson et al. f 1997). Four 
anterior epidermal cells lead the migration of the epider- 
mis to the ventral midline by extending actin-rich filo- 
podia over substrate neurons. Once these leading cells 
have reached the midline, the remainder of the ventral 
midline appears to be enclosed by an actin-mediated 
purse-string mechanism. After enclosure is complete, 
circumferential constriction in the epidermis squeezes 
the embryo longitudinally (Priess and Hirsh, 1986). 

To identify genes involved in epidermal morphogene- 
sis, we have analyzed mutants in which morphogenesis 
is defective, vab-1 mutants were originally isolated by 
Brenner (1974) based on their morphogenetic defects 
in head epidermis. Here, we show that vab-1 is also 
required for ceil movements following gastrulation and 
during ventral closure of the epidermis. We show that 
vab-1 encodes an Eph receptor expressed in neuro- 
blasts and neuronal cells and that vab-1 function in these 
neuronal cells is required for epidermal morphogenesis. 
Our results provide an example of interactions between 
neuronal substrate cells and a migrating epithelial sheet 
in morphogenesis. 

Results 

vab-1 Mutants are Defective in Morphogenesis 
The most striking defect of vab-1 mutant larvae is the 
deformation of head epidermis, the "Notched head" 
phenotype (Brenner, 1974; Figures 1A and 1B); epider- 
mal morphogenesis is often also abnormal in the tail 
region (Figure 1B). Morphology of the body is normal in 
most vab-1 mutants. The phenotypes caused by vab-1 
alleles are incompletely penetrant and variably ex- 
pressed, hence the gene name vab (variable abnormal). 
The number of head epidermal cells and nuclei is normal 
in Notched head vab-1 mutants, as determined by No- 
marski microscopy and expression of epidermal mark- 
ers (data not shown), indicating that the Notched head 
phenotype results specifically from abnormal morpho- 
genesis of head epidermal syncytia (Figures 1 C and 1 D). 

Seventeen recessive zygotic vab-1 mutant alleles 
have been isolated by various workers (see Experimen- 
tal Procedures). We classified vab-1 alleles as strong, 
intermediate, or weak, based on the penetrance of mu- 
tant phenotypes (Table 1); most animals mutant for 
strong vab-1 alleles arrest during embryogenesis due 
to defects in epidermal enclosure (see below), whereas 
weak vab-1 mutants are almost fully viable. By genetic 
and molecular criteria (Tables 1 and 2), the strong vab-1 
alleles cause complete loss of function. 
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Figure 1 . Morphogenetic Phenotypes of vab-1 
Mutant Larvae 

(A) Wild-type first stage (L1) larva. Anterior is 
to the left, and dorsal is up. Bar, 20 p.m. 

(B) Abnormal Notched head and abnormal tail 
morphogenesis of vab-1 (e2027) L1 larva. 

(C) Wild-type L1 larva stained with the MH27 
monoclonal antibody to show junctions be- 
tween epidermal cells; the head epidermal 
syncytia hyp5 (h5), hyp6 t and hyp7 are 
marked. 

(D) vab-1(dx14) mutant L1 larva, MH27 stain- 
ing, showing malformation of hypS, hyp6, and 
hyp7 cells. 



vab-1 Null Mutations Cause Variable Defects 
in Cell Movements following Gastrulation 
and during Embryonic Ventral 
Enclosure of the Epidermis 

To determine the role of vab-1 in embryonic develop- 
ment of the epidermis, we analyzed the embryogenesis 
of vab-1 mutant embryos using conventional and four- 
dimensional Nomarski microscopy. We found that vab-1 
null mutant embryos are variably defective in the move- 
ments of neuroblast cells during closure of the ventral 
gastrulation cleft and in the migrations of epidermal ceils 
during ventral enclosure of the epidermis. These defects 
in cell movements result in failure of enclosure of the 
embryo by epidermal cells, and such embryos arrest 
because internal cells leak out at the ventral midline. 



The variable phenotypes of vab-1 null mutants can be 
described in terms of five phenotypic classes (Figure 2 
legend). 

Approximately 35% of vab-1 null mutant animals dis- 
played defects in cell movements following gastrulation. 
During normal C. elegans gastrulation, a ventral cleft is 
formed by the movement of endoderm, mesoderm, and 
germline precursors into the interior of the embryo; this 
cleft is gradually closed by the short-range lateral move- 
ments of many neuroblasts (Figures 2A and 2C) (Sulston 
et al., 1983). In 20% of vab-1 embryos (phenotypic 
classes I and II), the ventral cleft is deeper than normal 
and remains for longer (Figure 2E); in 1 5% of embryos 
the cleft is of normal depth and lasts longer (class III). 
These phenotypes appear to result from delays in the 
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Mutant phenotypes were quantitated as described in Experimental Procedures. We classify vab-1 mutations as strong (>50% lethality), 
intermediate (25%-50% lethality), or weak (<25% lethality). Most larval arrest animals arrested during L1 or L2 stages; some vab-1 larvae 
rupture at the rectum. Some (<5%) adult animals showed egg-laying defects. Wild-type and mutant vab-1 genomic DNA sequences are 
shown with the predicted effects on VAB-1 protein. 
ND, not determined. 
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Table 2 The vab-1 Null Phenotype Is a Variable Defect in Morphogenes.s 
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lateral movements of the neuroblasts that normally close 
the gastrulation cleft. Thus, vab-1 function is requ.red 
for neuroblast movements following gastrulation. 

Approximately 35% of vab-1 null mutant embryos dis- 
played severe defects in cell movements during the pro- 
cess of epidermal enclosure. During ventral enclosure 
of the epidermis in wild-type embryos, leading cells of 
the epidermis migrate over neurons, from lateral posi- 
tions to the ventral midline (Figures 2B and 2D) (W.ll.ams- 
Masson et al., 1997). The epidermal leading edge cells 
fail to migrate or migrate more slowly than normal in 
vab-1 animals (phenotypic class I: Figure 2F), or they 
migrate to the ventral midline and fail to form junctions 
correctly (class II). The leading cells in class I and II 
embryos often send actin-rich processes to abnormally 
anterior regions, as determined by phalloidin staining 
(data not shown), and migrate to abnormally antenor 
positions (Figure 2F). As a result, ventral I closure is in- 
complete, and internal cells ooze through a hole in the 
ventral midline of the epidermis when elongation begins, 
resulting in rupture and arrest of the embryo. In other 
embrybs (class III) the leading cells meet up normally, 
but internal cells ooze from the region of the posterior 
leading cells after elongation (Figure 21), suggesting that 
the cells do not properly connect with their partners. In 
65% of vab-1 embryos, closure of the gastrulation cleft 
appears normal, and the embryos elongate to the 
1 5-fold or 2-fold stage (classes IV and V); about one- 
third of these embryos rupture along the ventral midline 
at the 2-fold stage or later (Figure 2J), indicat.ng a late 
defect in ventral enclosure; and the remaining two-thirds 
do not rupture (class V; data not shown). The phenotype 
of class IV embryos, in which closure of the ventral 
gastrulation cleft is normal but epidermal enclosure is 
defective, suggests that the ventral enclosure defects 
in vab-1 embryos are not merely a consequence of the 
defects in ventral cleft closure. 

In vab-1 embryos, internal organs and tissues differ- 
entiate normally, as judged by Nomarski microscopy. 
Several markers of neuronal and epidermal cell fates 
were examined and showed normal expression in vab-1 
mutants (data not shown). Thus, the morphogenet.c de- 
fects in vab-T embryos do not appear to be due to 
improper specification of neural or epidermal fates. 

vab-1 Encodes an Eph Receptor 
Protein-Tyrosine Kinase «,„««„, 
We cloned vab-1 using genetic mapping and transfor- 
mation rescue. We mapped vab-1 close to the nght 



of hih-1 tested genomic DNA clones from this region 
(Figure 3A) for their ability to rescue Vab-1 phenotypes 
in transgenic lines, and found that the cosmid M03A1 
fully rescued vab-1(e2027) mutant phenotypes. Geno- 
mic sequence available from the C. elegans genome 
consortium predicted a gene from this cosmid that could 
encode a receptor protein-tyrosine kinase (RPTK) of the 
Eph subfamily. This RPTK gene is mutated in vab-1 
mutants (see below), establishing that this gene is vab- 1 . 
vab-1 produces a 4 kb transcript expressed throughout 
development (data not shown). We determined the 
cDNA sequence corresponding to this vab-1 transcnpt 
as described in Experimental Procedures. 

The predicted VAB-1 protein (Figure 4A) is most simi- 
lar to Eph-related RPTKs, recently renamed Eph recep- 
tors (Eph Nomenclature Committee, 1997). The Eph re- 
ceptor subfamily is the largest subfamily of RPTKs (Onol. 
and Klein, 1997). EphA receptors bind GPI-linked ephnn 
ligands, and EphB receptors bind transmembrane ephnns 
(Gale et al.. 1 996); VAB-1 shows equal sequence similar- 
ity to EphA and EphB subclasses. VAB-1 contains a I 
hallmark features of Eph receptors (Figures 3B and 3C), 
including in its extracellular domain an N-terminal globu- 
lar domain with weak similarity to immunoglobul.n do- 
mains (O'Bryan et al.. 1991), a cysteine rich domain, in 
which the positions of the cysteine residues are highly 
conserved among Eph family members, and two «m- 
nectin type III repeats. The intracellular domain o -VAB-1 
contains°heiuxt^membranemotifY(^)DPXTYEDPfound 

" in all vertebrate Eph receptors and a tyrosine kinase 
catalytic domain most similar (59% .dent.cal) to that of 
human EphA3/Hek and between 51 % anc 158% ident.ca 
to those of other Eph receptors (Figure 3E). Unlike other 
Eph receptor kinase domains, the VAB-1 kinase domain 
contains an insert sequence (A719-E743) between sub- 
domains I and II. 

Mutations in the VAB-1 Extracellular Domain 
Cause Strong or Intermediate 
Mutant Phenotypes 

To identify functionally important parts of the VAB-i 
protein, we determined the molecular lesions of va£>-7 
mutant DNAs (Table 1). Several of the strong alleles had 
lesions consistent with their genetic behavior as null 
mutations. Three strong alleles. dx14, dx31, and e2027, 
cause deletions of sequences encoding parts of tne 
extracellular domain (Figure 3A), and ef059 is an amber 
stop in the signal peptide. One strong and two '" te ™ ed '- 
ate alleles cause missense alterations in the extracellular 
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Figure 2. Cell Movement Defects following 
Gastrulation and during Ventral Closure in 
vab-1 Embryos 

In wild-type embryos the gastrulation cleft (A 
and C) is normally 1-2 juri deep and closes 
230-290 min postfertilization; epidermal en- 
closure (B and D) occurs between 310-340 
min. (C-F). ventral Nomarski views, anterior 
to left. Bar, 1 5 p.m. (G-H), lateral views. 
vab-1 class I phenotype (~14% of animals): 
embryo is rounded, double ventral gastrula- 
tion cleft forms single cleft (arrow in [ED 4-5 
jim deep that persists throughout enclosure. 
Ventral closure fails early (F): leading celts 
(arrow) fail to migrate or migrate slowly. In 
class I embryos the ventral pocket attempts 
to form, and the embryos display muscular 
twitching. The class It phenotype (~5% of 
animals, data not shown) is similar, only 
weaker. (G and H) Wild-type comma stage 
and 2-fold stage embryos. Animals displaying 
a class III phenotype (~1 5% of animals) show 
a transient 1-2 p.m deep cleft, similar to wild- 
type but persisting approximately 30 min 
longer. The leading edge cells zip up nor- 
mally, and the ventral pocket forms. The em- 
bryo oozes from the region of the posterior 
leading edge after elongation begins (arrow, 
[I]). Class IV animals (~23% of animals) ini- 
tially appear normal and elongate to the 1 .5- 
fold or 2-fold stage, then ooze along the ven- 
tral midline in the head or tail (arrow, [J]). 
Class V embryos (~43% of animals; data not 
shown) show no embryonic abnormality and 
hatch. Some class III, IV, and V embryos have 
enlarged buccal cavities and develop a 
Notched head. 
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domain and might define functionally important residues 
in Eph receptors. The strong allele ju8 and the intermedi- 
ate allele e699 affect residues (E62K and T63I, respec- 
tively) in the N-terminal globular domain, and the e856 
mutation affects the cysteine-rich domain (Figure 3D); 
these domains have been implicated in ephrin-Eph re- 
ceptor interactions (Labrador et al., 1997). 

Mutations in the VAB-1 Kinase Domain 

Cause Weak Mutant Phenotypes 

Seven vab-1 mutations disrupt the kinase domain of 

VAB-1 {Figure 3E) and are likely to cause severe loss of 

kinase activity (see Discussion). Strikingly, six of these 

seven alleles cause weak mutant phenotypes. The weak 



alleles e2, e1063 t and ju22 cause missense alterations 
of conserved residues that function to stabilize the 
structure of other kinase domains (Hubbard et al., 1 994). 
Three weak alleles should truncate the kinase domain: 
ju63 and e 1 1 6 cause stop codons, and e 1 18 is a deletion 
of the C-terminal 202 residues of VAB-1 . One allele, tn2, 
causes a stop codon in kinase subdomain IX yet causes 
an intermediate mutant phenotype; it is unclear why the 
tn2 phenotype is stronger than those of the other kinase 
domain alleles. The above mutations would be predicted 
to abolish catalytic activity of VAB-1 1 yet none appears 
to cause complete loss of vab-1 function, suggesting 
that VAB-1 may possess both kinase-dependent and 
kinase-independent functions. 
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Figure 3. Molecular Cloning and Sequence Analysis of vab-1 
(A) Genetic and physical maps of the vab-1 region and structure of 
the vab-1 transcription unit. Genetic mapping placed vab-1 0.07 
map units to the right of hlh-U Cosmid clones were mapped by the 
C elegans genome project. B0304 contains n/n-T; M03A1 contains 
vab-1 The position of the intron between exons 2 and 3 is conserved 
between vab-1 and chicken EphB2 (Connor and Pasquale, 1995) 
and the position of the intron between exons 6 and 7 is conserved 
between vab-1. chicken EphB2, and rat EphA5 (Maisonpierre et al., 
1 993), suggesting that these genes might share a common ancestor. 
Locations of the deletions dx14. dx31, e2027, el 18, and the splice 
site mutation e200 are shown. 

(B) Sequence of the predicted VAB-1 protein. The signal sequence 
(residues 1-28) and transmembrane domain (residues 559-581) are 
italicized. Potential N-linked glycosylate sites (NXrj/Sl) are under- 
lined. The conserved cysteines in the cysteine-rich domain are in 
boldface and shaded. . 

(C) Domains of VAB-1 and locations of point mutations. SS. signal 
sequence; TM, transmembrane domain. 

(D) Alignment of the VAB-1 N-terminal globular domain and part of 
the cysteine-rich-domain with those of the closest vertebrate EphA 
and EphB receptors. The VAB-1 extracellular domain (residues 55- 
550) is most similar (27% identity. 42% similarity) to chicken EphBz/ 
CekS (Pasquale, 1991); within the EphA subfamily the extracellular 
domain of human EphA4/Hek8 (Fox et al.. 1995) is most similar to 
VAB-1 (27% identity. 41 % similarity). Sequences were aligned using 
ClustalW; identities are in black and conserved residues in gray. 
yu8, which changes a giutamate to a lysine (charge reversal), and 
the intermediate allele e699, which changes a polar residue (threo- 
nine) to a nonpolar residue (isoleucine) affect a poorly conserved 
part of the N-terminal globular domain. The intermediate allele e856 
changes a giutamate to a lysine; the equivalent residue is aspartate 
(negatively charged) in most vertebrate Eph receptors. 

(E) Alignment of VAB-1 kinase subdomains IX-XI with the most simi- 
lar vertebrate EphA and EphB kinase domains and location of vao-7 
kinase domain mutations. The VAB-1 kinase domain (residues 665- 



vab-1 Reporter Constructs Are Widely Expressed 
in Early Embryos but Only in Nonepidermal 
Cells during Ventral Enclosure 

To determine the pattern of expression of vab-1, we 
used reporter constructs containing translational fu- 
sions of the vab-1 locus to green fluorescent protein 
(GFP; see Experimental Procedures). Such vab-7::GFP 
constructs fully rescued vab-1 (e2027) mutant pheno- 
types, indicating that these constructs reflect the endog- 
enous vab-1 expression pattern. Expression from one 
such construct, juts24, was analyzed in detail. 

VAB-1 ::GFP was expressed in many ceils during late 
gastrulation; based on their positions these cells include 
the neuroblasts whose movement is defective in vab-1 
mutants (Figure 4A) and may also include some epider- 
mal precursors. During ventral enclosure of the epi- 
dermis, VAB-1 ::GFP was expressed in clusters of cells 
of the head and tail regions (Figures 4B-4F). In the 
head region, VAB-1 ::GFP was expressed in clusters of 
presumptive neuronal cells. Early in enclosure these 
cells appear to lie beneath the epidermal leading cells 
(Figures 4C and 4D); later in enclosure, the VAB-1- 
expressing cells lie anterior to the leading cells (Figure 
4E). VAB-1 ::GFP was not detectably expressed in the 
epidermal leading cells at any stage during ventral en- 
closure. In the posterior of the embryo, VAB-1 ::GFP was 
expressed in several cells, including QV5 and the ventral 
hyp7 cells posterior to the rectum (data not shown); 
VAB-1 ::GFP was also expressed in several pharyngeal 
cells (Figure 4G). In late embryogenesis and throughout 
larval and adult development, VAB-1 ::GFP was localized 
to the axons of many neurons throughout the nervous 
system (Figures 4G and 4H). Thus, in most stages follow- 
ing gastrulation, VAB-1 ::GFP is widely expressed in the 
developing nervous system. Expression of VAB-1 ::GFP 
in the larval nervous system suggested that vab-1 might 
function in neural development; although vab-1 mutants 
do not display obvious behavioral defects, we have 
found that vab- 7 mutants display defects in axonal out- 
growth and fasciculation (S. E. G. and A. D. C, unpub- 
lished data). 

vab-f Function Is Required in Nonepidermal 
Cells for Epidermal Morphogenesis 
The expression of VAB-1 ::GFP reporter constructs in 
nonepidermal cells during epidermal enclosure led us 
to ask whether the epidermal morphogenetic defects in 
vab-1 mutants are due to a requirement for vab-1 func- 
tion in neurons. We used genetic mosaic analysis 
(Herman, 1995) to determine in which cells vab-1 is nec- 
essary for normal morphogenesis. Because genetic mo- 
saics could not be identified during embryogenesis, we 
analyzed viable vab-1 genetic mosaics. We identified 
83 vab-1 genetic mosaics, 56 of which displayed mor- 
phogenetic defects in head epidermis (the Vab pheno- 
type). All such Vab mosaics proved to have lost vab- 1 
within the AB lineage, which generates head epidermal 



991) is most similar (59% identity, 72% similarity) to that of human 
EphA3/Hek (Wicks et al., 1992); the EphB with highest s.milanty to 
VAB-1 in the kinase domain is chicken EphB2/Cek5 (58% identity. 
72% similarity). 
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Figure 4. Expression Pattern of vab- 1 Reporter Constructs 

Confocal images of VAB-1 ::GFP expression from the juts24 transgene (visualized using anti-GFP antibodies [green]) and epidermal cell junctions 
(MH27 antigen [red]). Bars, 1 5 ^m. (A) VAB-1 ::GFP expression in postgastrulation embryo (^200-250 min). Ventral view. Not all VAB-1 -expressing 
cells have been identified at this stage; based on position most of the cells are neuroblasts. Some epidermal precursors may also express 
VAB-1 ::GFP. (B and C) Beginning of ventral closure, ventrolateral and ventral views (D). Later in ventral closure, leading epidermal cells are 
marked (arrows). (E) Midventral closure; leading celts have met at ventral midline, ventral view; ventral pocket has not yet closed. (F) Completed 
ventral enclosure (comma stage). (G) LI larval animal showing expression of VAB-1 ::GFP (yu/s33 transgene) in the nervous system; nerve ring 
and ventral nerve cord are arrowed. Strong expression is also seen in the procorpus and terminal bulb of the pharynx. (H) Expression of VAB- 
1::GFP in axons in late larval animal; lateral view, close-up of expression in D neuron axon commissure (arrowed) and ventral cord. 
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Figures. Mosaic Analysis of vab- 1 

(A) Partial lineage of C. elegans showing points at which arrays were 
lost in vab-1 mosaic animals. The origin of the main head epidermal 
syncytia (hyp4, hyp5, hyp6, and anterior of hyp7) is shown. Black 
circle, strong head morphogenetic defect; gray circle, moderate or 
weak morphogenetic defect (Figures 6C and 6D). Open circle, wild- 
type morphology. (B) Wild-type (N2) head morphology. (C and O) 
Vab phenotypes resulting from losses of vab-1 function outside of 
the epidermis. (C) Head region of typical ABprp mosaic, L4 stage, 
displaying moderate Vab phenotype. (D) Typical ABpIp mosaic dis- 
playing moderate Vab phenotype. Bar, 20 j^m. 

cells, neuronal cells, and neuronal support cells (Figure 
5A). In general, only early losses (in AB or ABp) of vab-1 
function caused strong morphogenetic defects, sug- 
gesting that vab- 1 functions in many AB-derived cells. 
Five losses of vab-1 function outside the AB lineage did 
not cause morphological defects (Figure 5A). 

The early focus of vab-1 function in the AB lineage 
might reflect a requirement for vab-1 in many epidermal 
cells, in many nonepidermal cells, or both. To determine 
whether vab-1 was required in epidermal or nonepider- 
mal cells, we identified mosaics in which vab-1 had been 
lost from precursors at the AB 8 stage or later; at this 
stage three precursors (ABarp, ABpra, and Abpla) gener- 
ate the head epidermal cells hyp4, hyp5, and hyp6. Three 
of 18 mosaic animals in which vab-1 was lost in epider- 
mal precursors (in ABpla, ABplaa, Abpra, or ABpraa) 
displayed Vab phenotypes. By contrast, 1 2 of 1 4 mosaic 
animals in which vab-1 had been lost only from nonepi- 
dermal precursors (ABpIp, ABplpa, ABprp, and ABprpa) 
displayed Vab phenotypes (Figures 5B and 5C). Our data 
clearly show that losses of vab-1 function in neuronal 
lineages cause non-cell-autonomous defects irj-e^i^er- 
mal morphogenesis, consistent with our data* showing 
that VAB-1 ::GFP is mostly expressed in neurons from 
the ventral enclosure stage onward. However, we can- 
not exclude the possibility that vab-1 has additional cell- 
autonomous roles in the epidermal cells. 

Discussion 

We show here that vab-1 9 which functions in epidermal 
morphogenesis in C. elegans, encodes an Eph receptor 



tyrosine kinase. The phenotypes of null and kinase do- 
main mutations in VAB-1 suggest that the VAB-1 RTK 
has both kinase-dependent and kinase-independent 
functions. Our analysis of vab-1 mutant phenotypes,. 
expression pattern, and genetic mosaics suggests that 
vab-1 functions in neuronal cells to regulate normal mor- 
phogenesis of the epidermis. 

Evolutionary Conservation of Eph Signaling Pathways 
VAB-1 is most similar to receptor tyrosine kinases of 
the Eph subfamily. Eph receptors were first isolated from 
vertebrates by homology in the kinase domain (Hirai et 
al., 1987) and are the largest subfamily of RPTK (Oribli 
and Klein, 1997). Previously, Eph receptors have only 
been reported from vertebrates. Our findings show that 
the Eph receptor family is ancient and likely to be con- 
served among all animals. 

Eph receptors bind membrane-bound protein ligands, 
recently renamed ephrins (Eph Nomenclature Commit- 
tee, 1997). Ephrins are either membrane-anchored in 
cell membranes via glycosylphosphatidylinositol (GPI) 
anchors (ephrin-As) or are integral membrane proteins 
(ephrin-Bs). Eph receptors can be grouped into two 
subclasses: the EphA receptors, which bind ephrin-A 
ligands, and the EphB receptors, which bind trans- 
membrane ephrin-B ligands (Gale et al., 1996). VAB-1 is 
equally similar in sequence to EphA and EphB receptors 
and thus may be similar to a common ancestor of the two 
vertebrate subclasses. We have also identified ephrin- 
related genes in the C. elegans genomic sequence 
(A. D. C. and S. E. G., unpublished data), indicating that 
potential ligands for VAB-1 exist in C. elegans and thus 
that ephrin signaling pathways may be conserved be- 
tween nematodes and vertebrates. 

VAB-1 Might Participate in Forward 
and Reverse Signaling 

Vertebrate Eph receptors may participate in both kinase- 
dependent "forward" signaling and in kinase-indepen- 
dent "reverse" signaling. For example, deletion of the 
kinase domain of murine Nuk/EphB2 did not affect its 
function in axonal guidance in the anterior commissure 
(Henkemeyer et al., 1996). EphB2 is not expressed on 
anterior commissure axons but on substrate cells over 
which the axons navigate. A transmembrane ligand for 
EphB2, ephrin-B1/LERK-2, is expressed on anterior 
commissure axons, and EphB2 binding to ephrin-Bs can 
induce phosphorylation of tyrosines on the intracellular 
domain of the ephrin-B, thus potentially activating a 
signaling cascade in the ligand-expressing cell (Holland 
et al., 1996; Bruckner et al., 1997). 
VAB-1 likely has some forward signaling functions, 
^because missense alterations of conserved residues in 
the kinase domain cause partial reduction in vab~1 func- 
tion. However, none of the VAB-1 kinase alleles causes 
complete loss of vab-1 function. It is possible that the 
weak phenotype of these mutants is due to residual 
kinase activity. However, the kinase subdomains de- 
leted in e118 mutants contain residues essential for 
catalytic activity (Yaciuk and Shalloway, 1986); also, le- 
sions equivalent to those of vab-1(e2) and vab-1(e116) 
were found in the null alleles sy7 and sy5 of the C. 
elegans let-23 RPTK, indicating that such mutations 
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Figure 6. Two Models for the Function of VAB-1 in Epidermal Mor- 
phogenesis 

See discussion for details. 



cause complete loss of activity of the LET-23 kinase 
(Aroian et al., 1994). Thus, the VAB-1 kinase domain 
mutations should abolish kinase activity. 

An alternative explanation for the weak phenotypes 
of vab-1 kinase mutants is that VAB-1 , in addition to 
kinase-dependent forward signaling functions, has ki- 
nase-independent reverse signaling functions. Such 
functions presumably require the VAB-1 extracellular 
domain, possibly interacting with ephrin ligands, and 
would explain why only mutations disrupting the VAB-1 
extracellular domain would cause null phenotypes. As 
discussed below, VAB-1 reverse signaling could ac- 
count for the nonautonomous role of vab-1 in epidermal 
morphogenesis. As both weak and strong vab-1 alleles 
appear to cause similar ranges of phenotypes with dif- 
ferent penetrances, the kinase-dependent and kinase- 
independent functions of vab-1 may be required for re- 
lated aspects of morphogenesis. 

The Role of VAB-1 in Signaling from Neurons to 
Epidermis during Epidermal Morphogenesis 
vab-1 mutants are defective in the movements of neuro- 
blasts that close the ventral gastrulation cleft and the 
movements of the epidermal leading cells that initiate 
epidermal enclosure. Unexpectedly, vab-1 is not ex- 
pressed in the epidermal leading cells but in neurons 
underlying or adjacent to the leading cells. In addition, 
our mosaic analysis has shown that loss of vab-1 func- 
tion in nonepidermal precursors causes epidermal mor- 
phogenetic defects. Our results suggest that a major 
function of vab-1 is in neuronal cells and that the epider- 
mal morphogenesis defects of vab-1 mutants in part 
result from defects in neuronal cells. Thus, despite its 
similarity to receptors, VAB-1 acts in signaling rather 
than responding cells. 

Our observations raise two questions: what signals 
do underlying neurons provide to migrating epidermal 
cells, and does VAB-1 function directly in such neuronal- 
to-epidermal signaling? We propose two models for this 
process (Figure 6). These two models are not mutually 
exclusive, and the phenotypes of vab- 1 mutants suggest 
that both models might apply. In the "steric hindrance" 
model (Figure 6A), VAB-1 signaling only occurs between 
neuronal precursors, and the epidermal defects in vab-1 
mutants are a result of defects in neuronal precursors 



that normally provide a permissive substrate for epider- 
mal cell movements. Mispositioned neuronal precursors 
resulting from the gastrulation cleft defects seen in 
vab-1 mutant embryos could interfere with normal epi- 
dermal migration and likely contribute to the epidermal 
defects seen in severely mutant vab-1 animals (class 
Mil). However, we often observe defects in enclosure 
in the absence of obvious defects in cleft closure (class 
IV phenotype). Thus, defects in epidermal enclosure do 
not appear to be solely due to defects in neuroblast 
movements following gastrulation. 

In the "reverse signal" model (Figure 6B), neurons 
signal directly to epidermal cells, potentially providing 
cues for their migration. As discussed above, VAB-1 
could participate directly in such reverse signaling, anal- 
ogous to that observed for vertebrate Eph receptors. 
Alternatively, VAB-1 could receive a signal from epider- 
mal cells and thereby activate a second signaling path- 
way in the reverse direction. Two observations further 
suggest that\yAB-1 -expressing cells might provide an 
inhibitory signal to epidermal cells. First, in wild-type 
embryos the leading cells migrate posteriorly and adja- 
cently to VAB-1 -expressing cells (Figures 4B-4E). Sec- 
ond, in some vab-1 mutant embryos the leading cells 
migrate anteriorly to their normal positions, possibly a 
result of a lack of anterior repulsive cues. Identification 
and localization of ligands for VAB-1 is necessary to 
distinguish between these two models for VAB-1. 

Our genetic analysis of vab-1 has shown that the null 
phenotype of vab-1 is a variable defect in epidermal 
morphogenesis. As a small percentage of vab-1 null 
mutants develop into apparently normal adults, vab-1 
function is not essential, vab-1 signaling may be partly 
redundant with other signaling pathways, as found for 
some vertebrate Eph receptors (Orioli et al., 1996), al- 
though no additional Eph receptors have yet been identi- 
fied in the C. elegans genomic sequence. 

Eph Signaling in Vertebrate Morphogenesis 
Signaling via Eph receptors and ligands has been im- 
plicated in axon guidance and topographic mapping 
(Cheng et ai. f 1995; Gao et al., 1996; Henkemeyer et 
al., 1996; Nakamoto et al., 1996). Ephrin signaling can 
function as a repulsive cue for axon guidance by promot- 
ing growth cone collapse (Drescher et al., 1 995). Ephrin 
signaling has also been shown to promote axon fascicu- 
lation (Winslow et al., 1995), formation of rhombomere 
boundaries (Xu et al., 1 995), and to inhibit cell-cell adhe- 
sion (Winning et al., 1996). A common feature of Eph- 
mediated signaling is thus the modulation of cell shape 
and cell adhesion, processes critical to epithelial mor- 
phogenesis. 

The expression patterns of many vertebrate Eph re- 
ceptors suggest they may be functioning in epithelial 
morphogenesis. For example, EphB2/Nuk is expressed 
in midline epithelial cells of the palatal shelves as they 
begin to fuse in the midline. Mice lacking both the EphB2 
and EphB3/Sek4 receptors have cleft palates as a result 
of failure in closure of the secondary palate, possibly 
due to defective epithelial morphogenesis (Orioli et al., 
1996). Many other Eph receptors are expressed in epi- 
thelial or endothelial organs undergoing morphogene- 
sis, such as lung, heart (Ruiz et al., 1994), or in migrat- 
ing cells (Brandii and Kirschner, 1995). Determining the 
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roles of vertebrate Eph receptors in these processes 
may be complicated by redundancy between members 
of this gene family; for example, EphA2/Eck is specifi- 
cally expressed during mouse gastrulation (Ruiz and 
Robertson, 1 994), yet Eck mutant mice show no discern- 
ible phenotype (Chen et al., 1996). vab-1 may provide a 
relatively simple model for understanding the functions 
of Eph receptors in these aspects of vertebrate morpho- 
genesis. 

Experimental Procedures 
Genetic Analysis of vab-1 

C. eiegans strains were cultured using standard methods (Brenner, 
1 974). Mutations used were as follows: LGI. unc-29(el072); LG II, lin- 
31(n301), hth-1(cc450). dpy-25(e817sd), and tra>2(q122dm) (Schedl 
and Kimble. 1988); LGMI, ncl-1(e1865); and LGX, Iin-15(n765ts). Re- 
arrangements used were ccOMH and maDf4\\. Mutations are de- 
scribed in Hodgkin (1997) or in references above. 

vab- 7 alleles were isolated in general screens for visible mutations 
by S. Brenner (e2, e116 t e7 7S, e200, e699. e721 t e856, and e7059), 
J. Lewis (el029), J. Hodgkin {e1063), A. Fire (e2027), E. Lambie {dx14, 
dx31), M. Zhen {ju8), D. Ostertag {ju22,ju63), and D. Greenstein (to2). 
All alleles were EMS-induced except dx14 and dx31 t which were 
UV-induced, and e2027, which arose spontaneously. All mutations 
fail to complement vab-1(e2). Map data showing that vab-1 lies 
close to the right of hlh-1 are available from the Caenortiabditis 
Genetics Center. 

Phenotypic Analysis 

We determined the penetrance of vab-1 mutant phenotypes by pick- 
ing L4 animals from homozygous strains to separate plates, allowing 
them to self, and transferring them every 24 hr. Eggs unhatched 
after 24 hr were scored as embryonic arrest. Larvae that failed to 
develop into adults after 48 hr were scored as larval arrest. Any 
morphological abnormality of the head region was scored as abnor- 
mal. At least 500 individuals were scored for each genotype. 

We determined the stages at which vab-1 embryos arrest by fol- 
lowing the development of vab-1 embryos using Nomarski micros- 
copy. Embryos were followed from comma stage or before until 
either development arrested or the embryo hatched. To generate 
embryos heterozygous for vab-1 alleles and the deficiency ccDf4, 
we mated males carrying the dominant feminizing mutation fra- 
2(q122) with ccDf4/dpy-25 hermaphrodites; non-Dpy cross progeny 
are ccDf4/tra-2 females. These females were mated with vab-1/+ 
males. One quarter of the F, animals from this cross will be of 
genotype vab-1 ZccDf4. 

To generate animals transheterozygous for deficiencies that 
uncover vab-1 , tra-2(q122) males were mated with ccDf4/dpy-25 
hermaphrodites and maDf4/dpy-25 hermaphrodites in separate 
crosses. Non-Dpy female cross progeny (genotype ccDf4/q122) 
from the first cross were mated with non-Dpy male cross progeny 
(genotype maDf4/q122) from the second cross. One quarter of the 
progeny of this cross were ccDf4/maDf4 heterozygotes. 

Analysis of Cell Movements by Time-Lapse 
Nomarski Microscopy 

Four-dimensional microscopy was used to record and follow cell 
movements as described (Williams- Masson et al., 1997). To gener- 
ate the movies analyzed, 30 focal planes 0.5 juri apart were recorded 
every 60 s. A total of 58 vab-1(e2027) embryos were recorded from 
early gastrulation until they had reached a terminal phenotype. We 
found that some vab-1 embryos develop more slowly than wild- 
type embryos following gastrulation and morphogenesis. Wild-type 
embryos took 320 min to develop from the eight-cell stage to the 
beginning of elongation, vab-1 embryos took up to 55 min longer 
to develop to this stage, with the developmental delay correlating 
with the severity of the morphogenetic defects. 

Transformation Rescue of vab-1 

vab-1(e2027) animals were injected with cosmid M03A1 (15 p.g/ml) 
and the plasmid pRF4 (50 u.g/ml). which confers a dominant Roller 



(Rol) phenotype (Mello et al., 1991). Transgenic lines carrying pRF4 
and M03A1 in extrachromosomal arrays were established and 
scored for rescue of the Vab-1 phenotypes. Five of six lines showed 
rescue of the vab-1 embryonic lethality and head morphology de- 
fects (2.8% of Rols were Vab in rescued lines), compared with 0/2 
control lines bearing pRF4 alone (86.5% of Rols were Vab). 

Analysis of vab-1 cDNA Sequence 

cDNAs from the vab-1 locus had been isolated in a genome-wide 
EST project (Y. Kohara, personal communication). The longest cDNA 
clone, yk1 8c8, contains a 2992 bp insert that we sequenced, corre- 
sponding to bases 700-3962 of the composite vab- J cDNA. We 
determined the 5' end (bases 1-699) of the vab-1 transcript in RT- 
PCR experiments; RT-PCR using the SL1 frans-spliced leader se- 
quence as upstream primer (Krause and Hirsh, 1987) generated 
products, indicating that the vab-1 message is frans-spliced to SL1 . 
The vab-1 cDNA sequence is 3962 bp in length, consistent with the 
4 kb band observed on Northern blots (data not shown), including 
an SL1 frans-spliced leader, an 89 bp 5' UTR. a 3354 bp open 
reading frame, and a 458 bp 3' UTR. No evidence was found for 
alternative vab-1 transcripts either by Northern blot or RT-PCR ex- 
periments. 

Determination of Mutant DNA Sequences 

We determined the sequences of genomic DNAs from vab- 1 mutants 
as described previously (Chisholm and Horvitz, 1995). vab-1 exons 
and splice sites were amplified from all vab- 7 mutants (except the 
deletion alleles dx74, dx31 w e1 78, and e2027) and PCR products 
sequenced using B P labeled primers and the fmol kit (Promega). All 
mutations were confirmed on both strands and in independent 
PCRs. The molecular lesions of two vab- 7 mutations (e727 and 
e7029) have not yet been found. Sequences of primers used are 
available upon request. 

The vab-1 alleles dx14 and dx31 result from rearrangements, 
based on Southern blot analysis of mutant genomic DNA (data not 
shown). dx37 causes a deletion of at least 7 kb. removing exons 
1-4. dx74 appears to be a complex rearrangement, resulting in an 
approximately 2 kb deletion that deletes exon 4 and the first half of 
exon 5. 

vab- 7::GFP Reporter Constructs 

The VAB-1 ::GFP construct pCZ55 used for expression studies is a 
translations fusion of GFP to a vab- 7 minigene and contains 4.2 kb 
of genomic sequence 5' to the vab- 7 start codon, exons 1-5 (to the 
Smal site in exon 5) as genomic DNA, exons 6-10 as cDNA, GFP 
inserted in frame at the Xhol site near the VAB-1 N terminus, the 
vab- 7 3' UTR, and 0.4 kb of genomic DNA 3' to the polyadenylation 
site. 

Transgenic lines were generated by transformation of vao- 
1(e2027)\ lin-15 animals with pCZ55 and the //n-75 rescuing plasmid 
pLin-1 5EK (Clarfc et al., 1994); four independent chromosomal inte- 
grants {juis24 t juts31, juls32, and juls33) were identified following 
X-ray mutagenesis. Expression was analyzed in the strain CZ723 of 
genotype vab-1 (e2027); Hn-15(n765)\ juts24(vab-1::G?P; tin-15[+)) 
by staining fixed transgenic animals with anti-GFP antibodies. Em- 
bryos were fixed in 1% paraformaldehyde and incubated with anti- 
GFP polyclonal antisera (Clontech) at 1:100 to 1:500 dilution and 
with MH27 monoclonal (1:1500). Staining was visualized with fluo- 
rescently conjugated secondary antibodies using a confocal micro- 
scope. VAB-1 ::GFP staining patterns in all four lines were indistin- 
guishable. 

Analysis of vab-1 Genetic Mosaics 

We used two approaches to Identify vab-1 mosaic animals. In both 
approaches we generated transgenic arrays bearing wild-type cop- 
ies of vab- 7 and cell-autonomous marker genes (Herman, 1995). 
First, we generated strains of genotype unc-29; vab^1; juExfunc- 
29[+] vab-7[+] sur-5-GFP) by transformation of unc-29. vab-1 
worms with cosmid DNAs C45G10 (unc-29[+l [Miller et al., 19961). 
M03A1 (vab-7[+J) and the sur-5-GFP plasmid pTG96.1 . sur-5-GFP 
is expressed in most somatic cell nuclei (T. Gu and M. Han, personal 
communication) and is a cell-autonomous marker for the array; unc- 
29(+) is required in body muscles (derived from P,) (Miller et al., 



1 996). From such strains, three Unc non-Vab mosaics were identified 
and found to have lost the array in P,. We then screened for Vab 
non-Unc animals (putative mosaics with losses in AB). Twenty-three 
of such animals were found that had patterns of sur-5-GFP interpret- 
able as resulting from losses of the array within AB. 

We used the cell-autonomous marker ncl-1 (Hedgecock and Her- 
man 1 995) In additional mosaic analysis experiments. We generated 
the strain CZ712 vao-7; ncM; juEx39{vab-1[+] nc/-7[+] «l-6[dmD 
by transformation with cosmids containing the wild-type copies of 
vab- 7 (M03A1), ncM(C33D3 [Miller et al., 19961) and pRF4. Expres- 
sion of rol-6(dm) in cells contributing to the epidermal syncytium 
hyp7 confers a Rol phenotype. Transgenic animals are thus Rol 
non-Vab non-Ncl. We screened CZ71 2 Rols for rare Rol Vab animals, 
predicted to be mosaics in which the array had been lost from a 
subset of hyp7 precursors. We found 15 mosaics with patterns of 
Ncl cells resulting from single losses of the array. Ncl cannot be 
scored in syncytial nuclei unless ail precursors of the syncytium 
have lost the array, so we assessed the toss point by sconng identifi- 
able cell nuclei, as described (Clark et al., 1 993). 

Of the 15 Rol Vab mosaic animals, 4 had losses in the nonepider- 
mal precursors ABprp and ABplp. As these mosaics had been se- 
lected on the basis of their Vab phenotype. it was possible that they 
were rare double loss mosaics in which the Vab phenotype was due 
to loss of the array in epidermal cells (which we could not directly 
score), rather than the observed loss in nonepidermal precursors. 
To address this caveat we screened CZ712 Rols directly for mosa- 
icism of the Ncl marker. From 800 Rols screened we identified 42 
animals with mosaic Ncl expression. Of these 42 mosaics. 8 had 
lost the array in nonepidermal precursors, of which 6 were Vab, and 
13 had lost the array in head epidermal precursors, of which 1 was 
Vab. Thus, loss of vab- 7 function in nonepidermal precursors can 
frequently cause Vab phenotypes. 
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Abstract. 

Eph receptor tyrosine kinases (RTK) and their ephrin ligands are involved in the transmission of signals which regulate cytoskeletal 
organisation and cell migration, and are expressed in spatially restricted patterns at discrete phases during embryogenesis. Loss of function 
mutants of Eph RTK or ephrin genes result in defects in neuronal pathfinding or cell migration. In this report we show that soluble forms of 
human EphA3 and ephrin-A5, acting as dominant negative inhibitors, interfere with early events in zebrafish embryogenesis. Exogenous 
expression of both proteins results in dose-dependent defects in somite development and organisation of the midbrain-hindbrain boundary 
and hindbrain. The nature of the defects as well as the distribution and timing of expression of endogenous ligands/receptors for both proteins 
suggest that Eph-ephrin interaction is required for the organisation of embryonic structures by coordinating the cellular movements of 
convergence during gastrulation. © 1999 Elsevier Science Ireland Ltd. All rights reserved. 
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1. Introduction 

Complex and cellular movements form the three primary 
germ layers lay out the architecture of the vertebrate body 
during gastrulation (reviewed in Ho, 1992; Slack et al., 
1992; Tarn and Quinlan, 1996; Harland and Gerhart, 
1997). Cell-fate inducing signals, which are released initi- 
ally from the vegetal mass of the blastula (in Xenopus) and 
later from the dorsal organiser (embryonic shield in zebra- 
fish) to induce dorso- ventral and anterior- posterior polari- 
ties in the blastula and gastrula, include members of the 
TGF-/3, wnt and FGF superfamilies of growth factors 
(reviewed: Kessler and Melton, 1994; Heasman, 1997). In 
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contrast, little is known about the mechanisms and signals 
by which gastrulating cells coordinate involution and/or 
ingression, guide their migration as they converge to the 
midline, and finally intercalate along the dorsal axis. 

Eph receptors and their ephrin ligands, along with other 
protein families, including netrins, semaphorins and cadher- 
ins, guide the migration of growth cones to the correct target 
location for synaptogenesis (for review see Kennedy and 
Tessier-Lavigne, 1995; Muller et al., 1996; Nieto. 1996: 
Tessier-Lavigne and Goodman, 1996; Flanagan and 
Vanderhaeghen. 1998) and the targeted migration of neural 
crest cells in streams from the dorsal neural tube (reviewed 
in Robinson et al., 1997). On the basis of sequence homol- 
ogy, members of the Eph subfamily of receptor tyrosine 
kinases (RTKs) fall into two receptor subclasses. EphA 
and EphB. which display affinities for either GPl-linked 
(ephrin A) or transmembrane (ephrin B) ligands. respec- 
tively. The current, model of Eph-ephrin signalling in 
growth cone pathfinding involves the migration of an Eph- 
bearing growth cone into a gradient of ephrin expression 
(reviewed in: Friedman and O'Leary. 1996: Pasquale. 
1997; Flanagan and Vanderhaeghen. 1998), leading to cell 
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contact-dependent Eph receptor activation (Davis et aL 
1994: Bruckner and Klein. 1998) which instructs the growth 
cone to change direction and avoid the ligand-rich area. 
Eph-ephrin interactions thus deliver a growth cone repul- 
sion signal. For the EphA3 receptors (HEK/MEK4/CEK4) 
and their ephrin-A2 and A5 ligands (ELF1 and AL-1/ 
RAGS/zEphL4), nerve guidance functions during the devel- 
opment of the retinotectal projection map have been estab- 
lished (Cheng et aL, 1995; Drescher et aL, 1995; Nakamoto 
et aL, 1996; Brennan et aL, 1997; Monschau et aL, 1997; 
Frisen et aL, 1998). In addition to the retinal axon guidance 
defects in the midbrain of mice lacking ephrin-A5, a signif- 
icant proportion of these ephrin-deficient mice display addi- 
tional defects in dorsal midline structures, resulting in 
anencephaly or open crania with cleft nose and palate 
(Frisen et aL, 1998). This extreme phenotype suggests func- 
tions for the ephrin-A5/EphA receptor signalling system in 
addition to those in growth cone pathfinding. 

It is noteworthy that members of the Eph and ephrin 
families are also expressed earlier in vertebrate develop- 
ment, during gastrulation. EphA2 is expressed in the primi- 
tive streak of mouse embryos (Ganju et aL, 1994; Ruiz et aL, 
1994), and the Xenopus EphA4 homolog, pagaliaccio, is 
expressed during gastrulation in the involuting mesoderm 
(Winning and Sargent, 1994). The Xenopus ephrin-Bl 
homolog is also expressed during gastrulation, and ectopic 
expression of this protein causes a loss of cell adhesion prior 
to the onset of gastrulation (Jones et aL, 1998), similar to the 
effect of activated pagaliaccio (Winning et aL, 1996). In 
contrast, the ectopic expression of EphB2 in the ventral 
blastomeres of Xenopus causes dorsalisation of the embryo 
before the onset of gastrulation (Tanaka et aL, 1998). In 
zebrafish, there are seven Eph genes, rtkI-3, rtk5, 6, 8, 
and zdkl known to be expressed in a regulated manner 
during gastrulation (Xu et aL, 1994; Taneja et aL, 1996; 
Cooke et aL, 1997). However, sequence alignment reveals 
significant differences to human EphA3 (A. Boyd, unpub- 
lished data), suggesting that a zebrafish EphA3 homologue 
had not yet been isolated. 

The high degree of structural and functional conservation 
of Ephs and ephrins in vertebrate evolution has enabled the 
use of dominant negative mammalian EphA receptors to 
study the function of these proteins during zebrafish devel- 
opment, and as a read-out for receptor structure-function 
studies (Xu et aL, 1995; Xu et aL, 1996; Lackmann et aL, 
1998). The expression of Eph and ephrins during vertebrate 
gastrulation prompted us to examine potential functions of 
Eph-ephrin interaction in this process. We have previously 
established that human Eph A3 interacts with a distinct hier- 
archy of affinities with all ephrin-A ligands tested, whereby 
the highest affinity was determined between EphA3 and 
ephrin-A5 (Lackmann et aL, 1996; Lackmann et aL, 
1997). In subsequent experiments with dominant negative 
human EphA3 constructs we demonstrated a role for the 
ephrin-binding domain of EphA receptors in embryonic 
axis organisation and somite formation (Lackmann et aL, 



1998). The present study examines the developmental basis 
of this phenomenon. We demonstrate that expression of 
soluble forms of either human EphA3 or its high affinity 
ligand ephrin-A5 in zebrafish embryos produce indistin- 
guishable patterns of disruption of the notochord, somites 
and brain. These effects are preceded by apparent cell 
migration defects throughout gastrulation, as indicated by 
perturbed nil expression patterns around the blastula margin 
and during formation of the presumptive notochord. We 
report the identification of the zebrafish homologue of 
Eph A3 and describe the expression pattern of the corre- 
sponding mRNA during gastrulation that is consistent 
with the timing and location of the dominant-negative 
effects. Our observations imply that EphA-ephrin-A signal- 
ling is active during involution and convergence movements 
and thus is required for the correct execution of gastrulation. 



2. Results 

2.1. Expression of active soluble human EphA3 and ephrin- 
A5 protein in the zebrafish embryo 

To evaluate the role and specificity of Eph-ephrin inter- 
actions during early vertebrate embryogenesis we adopted a 
previously established dominant negative approach (Lack- 
mann et aL, 1998). We introduced capped mRNA encoding 
FLAG (refers to the amino acid sequence DYKDDDDK) 
epitope-tagged forms of either soluble EphA3 (HEK) extra- 
cellular domain (ECD, mRNA encoding the FLAG-tagged 
human EphA3 ECD (sh EphA3-RN A), 10 pg per embryo) or 
soluble human ephrin-A5 (Lackmann et aL, 1997) (mRNA 
encoding the soluble, FLAG-tagged form of human ephrin- 
A5 (sh ephrin-A5-RNA), 100 pg/embryo) into zebrafish 
embryos at the 1-2 cell stage, by microinjection into the 
blastoderm or into the yolk cell directly under the blasto- 
derm. Injected in this manner mRNA became widely 
distributed throughout the embryo (as shown by co-injection 
of mRNA encoding green fluorescent protein (GFP), see 
Lackmann et aL, 1998) and was translated into the expected 
proteins (Fig. la,b). A marginally increased apparent mole- 
cular weight was observed for the zebrafish-expressed sh 
ephrin-A5 relative to sh ephrin-A5 produced by CHO 
cells, suggesting increased glycosylation of the zebrafish- 
produced protein (Fig. la). Importantly, BIAcore analysis of 
zebrafish extracts using sensorchips coated with the EphA3 
ECD (for ephrin -A5 analysis) or a native conformation- 
specific anti-EphA3 MAb (for EphA3 ECD analysis) 
demonstrated that correctly folded and functionally- active 
proteins were expressed in the embryos throughout early 
development (Fig. lb). The approximate concentrations of 
sh EphA3 (soluble human EphA3 extracellular domain) and 
sh ephrin-A5 at the onset of gastrulation were 0.5 and 10 ng/ 
embryo respectively, rising to 3 and 25 ng/embryo respec- 
tively from 15 h post fertilisation (hpf) onwards. 
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Fig. 1 - Detection of exogenous sh EphA3 and sh ephrin- A5 in zebrafish 
embryos by Western blot and BIAcore analysis, (a) Comparison of CHO- 
cell derived sh EphA3 and sh ephrin- A5 (lanes 1^) with the corresponding 
proteins extracted from injected zebrafish embryos (lanes 5-7). Samples of 
zebrafish lysates (10 embryos/0. 1 ml) containing 25, 12.5, 6.25, 3. 125 ng of 
CHO cell-derived sh EphA3 and sh ephrin-A5 (lanes 1-4, respectively) 
were immunoprecipitated with anti-FLAG MAb (M2) agarose and analysed 
by Western blot. Zebrafish embryos which had been injected with sh 
EphA3-RNA (10 pg/embryo) or sh ephrin-A5-RNA (100 pg/embryo) 
were lysed after 5h (lane 5) or 10 h (lanes 6,7) and analysed in parallel 
lanes of the gel. sh ephrin-A5 extracted from zebrafish embryos had an 
increased size compared to its CHO cell-produced counterpart, (b) BIAcore 
analysis of lysates from sh EphA3-RNA or sh ephrin-A5- RNA- injected 
(100 pg/embryo) zebrafish embryos. Samples were prepared 5, 10, 15 
and 24 hpf and analysed on a sensorchip containing the conformation- 
specific anti-EphA3 MAb IIIA4 (Boyd et al., 1992; Lackmann et al.. 
1996) to detect the intact exogenous receptor ECD ( — • — ), and a sh 
EphA3-derivatised sensorchip to monitor functionally-intact ephrin-A5 
( — Q — ). The responses were compared to samples of zebrafish lysates 
containing known amounts of the purified, CHO cell expressed proteins. 

2.2. Soluble human EphA3 and ephrin- A5 cause 
indistinguishable defects in the organisation of 
neurectoderm and mesoderm during early embryonic 
zebrafish development 

Inspection of developing zebrafish injected with 100 pg 
of sh EphA3 RNA revealed the presence of a distinctive 
syndrome of defects in approximately 50% of individuals 
(see also Fig. 4, below). During gastrulation, an uneven 
retardation of epiboly was observed, resulting in an irregular 
gastrula margin relative to control embryos (data not 
shown). In early segmentation stages, between 11 and 15 
hpf, the dorsal axis was reduced in height above the yolk 
surface and tailbud formation was dramatically retarded 
(compare Figs. 2a and 2b). Viewed dorsally, the animals 
displayed a range of defects in paraxial mesoderm, includ- 
ing disorganisation and/or loss of somites and their bound- 



aries, and an extension of the somitic boundary clefts into 
lateral regions of the embryos (compare Figs. 2d and 2e). 
The notochord was often twisted (Figs. 2e and 7 below). In 
addition, the organisation of the anterior neurectoderm was 
affected, with laterally broadened and twisted mid- and 
hindbrain regions. Although the height of the forebrain 
above the yolk surface was reproducibly reduced (Fig. 
2b), the formation of the optic vesicle was not noticeably 
disrupted (data not shown). Exogenously expressed sh 
ephrin-A5 resulted in an indistinguishable phenotype in 
approximately 50% of zebrafish embryos injected with 
100 pg of the corresponding mRNA at all stages examined 
(Fig. 2c,f and see below, Fig. 4) consistent with a disruption 
of the same signalling processes inhibited by exogenous sh 
Eph A3. 

The array of differentiated embryonic structures existing 
by segmentation stages present a sensitive readout of the 
processes of gastrulation that underly their formation. 
Therefore, to analyse the effects of ectopic EphA3 and 
ephrin- A5 expression on cell fate and position in greater 
detail, embryos injected with a range of concentrations of 
sh EphA3 or sh ephrin-A5 RNA (see below, Fig. 4) were 
fixed in early segmentation stages between 12 and 13 hpf. 
Whole mount in situ hybridisation was used to monitor the 
expression of developmentally important regulatory genes 
marking ventral fore- and midbrain (hlxl, Fjose et al., 
1994), midbrain-hindbrain boundary (MHB, or isthmus) 
(pax2.1, Krauss et al., 1991), rhombomeres 3 and 5 of the 
hindbrain (krox20, Oxtoby and Jowett, 1993), and adaxial 
and paraxial muscle (myoD, Weinberg et al., 1996). The 
expression patterns of these genes in normal embryos at 
this developmental stage is illustrated in Fig. 3a,b. 

In both sh EphA3 and sh ephrin-A5 RNA injected 
embryos there was a consistent disorganisation of the para- 
xial mesoderm. A highly irregular pattern in the lateral 
stripes of myoD expressing cells in the paraxial mesoderm 
confirmed the observation in live embryos (Figs. 2e,f) that 
somite formation is affected. Many somites were missing or 
out of register across the midline (Fig. 3d,f), whereas other 
myoD expressing cells were arrayed in a pattern consistent 
with the fusion of a somite across expected somite bound- 
aries (Fig. 30- The paraxial myoD expression domains were 
extended more laterally from the midline (Fig. 30- Further- 
more, the distance between myoD positive cells of the adax- 
ial mesoderm was increased across the midline (Fig. 3d), 
which was often twisted, suggesting a defect in the position- 
ing of adaxial cells prior to somitogenesis (Weinberg et al.. 
1996). 

Examination of anterior neurectodermal structures of 
embryos injected with sh EphA3 and sh ephrin-A5 RNA 
revealed that the limits of groups of cells in the MHB and 
hindbrain expressing respectively paxlA and krox20, were 
extended laterally, often accompanied by irregular anterior 
and posterior boundaries (Fig. 3c,e). Defects in the hind- 
brain, as revealed by kroxlO expression, were always 
more severe than defects in the MHB; further, the rhombo- 



SO A.C. Oaies a at. / Mechanisms of Development 83 (199V) 77-94 




Fig. 2. Effect of ectopic expression of human sh EphA3 ECD or the soluble form of its ligand sh ephrin-A5 on the development of zebrafish embryos, (a-f) 
Zebra fish embryos, uninjected or injected with 5 pg marker mRNA and with 10 pg of either sh EphA3-RNA or sh ephrin-A5 mRNA during the first two 
cleavage divisions, were raised at 28°C. After 12-13 h embryos were photographed from a lateral perspective in a,b,c with dorsal to the right and anterior up, 
and from a dorsal perspective (d-f) with anterior up in each frame, (a) A non-injected zebrafish embryo at 12 hpf showing normally developed fore brain (open 
arrowhead) and tailbud (closed arrow head) and revealing a normal dorsal height of the trunk from the yolk surface (H). (b) A zebrafish embryo at 12 h after 
microinjection with 10 pg sh EphA3-RNA displaying reduced development of the mid- and hindbrain, poorly developed forebrain (open arrowhead), reduced 
height of the trunk from the yolk surface (H) and absence of intersomitic grooves and tailbud (closed arrowhead), (c) A zebrafish embryo at 12 hpf after 
microinjection with 10 ng sh ephrin-A5-RNA displaying an indistinguishable phenotype to embryos injected with the sh EphA3-RNA. (d) Dorsal view of the 
non-injected embryo illustrated in (a), revealing well -developed somitic boundaries, lining up in register along the midline, (ej) Dorsal views of embryos 
shown in (b) and (c), respectively, showing disorganisation and/or loss of somite boundaries (closed arrowheads), and crooked notochord (e). 



mere five domain of krox20 was always more severely 
affected, i.e. laterally displaced than rhombomere three. 
Occasionally, a cluster of kroxlO expressing cells was 
seen separated from rhombomere three or five (Fig. 3c). 
In contrast, a single axially located stripe of hlxl expressing 
cells appeared unaffected in the sh EphA3 or sh ephrin-A5 
RNA injected embryos, suggesting wildtype development 
of the ventral diencephalon and midbrain (Fig. 3c,e). In 
these dominant negative experiments we noted a spectrum 
in the intensity of these defects, whereby the most severely 
affected embryos displayed a median gap at the midline, 
demarcated with kroxlO and myoD expressing cells on 
either side (data not shown). Thus, examination of gene 
expression in situ in embryos injected with either sh 
EphA3 or sh ephrin-A5 RNA indicates defects in the orga- 
nisation of mesodermal and ectodermal derivatives that 
suggest a disturbance of the convergence movement of 
cells to the dorsal midline during gastrulation. Further, 



using the markers available, the effects of the expression 
of sh EphA3 and sh ephrin-A5 on development cannot be 
distinguished, implying that the same developmental 
process(es) are disrupted in each case. 

2.3. Coexpression of soluble human EphA3 and ephrin-A5 
rescues defective development 

We next performed experiments to address the possibility 
that the observed defects could be due to non-specific effects 
of the microinjections on development. Embryos were 
injected with mRNAs coding for proteins unrelated to 
Ephs or ephrins to control for disruption of development 
due to production of exogenous protein. Non-injected 
control embryos, or embryos injected with mRNA encoding 
GFP at a concentration of 250 pg/embryo did not display 
any developmental defects (Fig. 3a,b and Lackmann et al., 
1998). Embryos were also injected with mRNA encoding a 
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Fig. 3. In situ hybridisation reveals somittc. mid-hindbrain boundary (MHB) and hindbrain defects upon ectopic sh EphA3 or sh ephrin-A5 expression. 
Embryos were injected with 10 pg of either sh EphA3-RNA or sh ephrin-A5-RNA. allowed to develop for 12.13 hpf and fixed for in situ hybridisation with 
pax2.l, hlxl. krox20 and myoD DIG-labelled riboprobes. Embryos are photographed from a dorsal perspective with anterior to the top and posterior to the 
bottom of each frame: (a.c.e) antero-dorsal view; (b.d.f) posterior-dorsal view. (a.b) Uninjected embryo at 12 hpf showing normal expression of \ixl\n the 
ventral fore- and midbrain. pax2.l in the MHB, krox20 in rhombomeres three and five of the hindbrain and myoD in the paraxial and adaxial mesouerm. Note 
the sharp boundaries between regions of expressing and non-expressing cells, (c.d) sh EphA3-RNA (10 pg) injected embryo at 12 hpf showing :\i\2.I and 
kmx20 expressing cells in the MHB and hindbrain with irregular boundaries. A cluster of krox20 expressing cells is found posterior to rhom^o.-^ live the 
normal site of expression (open arrowhead in (c)). myoD expressing cells of the paraxial mesoderm in the posterior part of the embryo show disorganisation 
(open arrowheads in d). In contrast, an intact hlxl stripe is present anteriorly (c). (e.f) sh ephrin-A5-RNA (10 pg) injected embryo at 12 hpf demonstrating a 
phenotype which is indistinguishable from the sh EphA3-RNA injected embryos. Note the presence of myoD expressing cells (open arrowheads ;r, : 'u which 
do not align either across the midline, or parallel to each other. 
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Fig. 4. Dose response and phenotypic rescue of sh EphA3 and sh ephrin- 
A5- induced developmental defects. Batches of embryos, injected with indi- 
cated amounts sh EphA3-RNA(B), sh ephrin-A5-RNA(D) or a combina- 
tion of 10 pg sh EphA3-RNA and 100 pg sh ephrin-A5-RNA (M) and a 
constant amount of E-GFP mRNA (5 pg) were allowed to grow for 12, 13 
hpf before fixation and hybridisation with pax2J t hlxl, kroxlO and myoD 
DIG-labelled riboprobes. Embryos were analysed under a dissecting micro- 
scope and scored for disrupted patterns of gene expression. Non-injected 
control embryos were scored after an identical developmental period and 
identical handling to the injected embryos to control for defects due to the 
genetic background of particular parents in our strain. None of these 
embryos showed any reproducible or significant defects. 



FLAG epitope-tagged, soluble form of murine deleted in 
colon carcinoma (DCC) (Cooper et al., 1995). The resulting 
protein was detected in embryo extracts at comparable 
levels to sh EphA3 and sh ephrin-A5 throughout develop- 
ment (not shown). Although expression of exogenous solu- 
ble DCC in Xenopus embryos induces a distinct axonal 
guidance defect (R.A. Anderson, H.M. Cooper et aL, 
submitted), there was no detectable disruption of adaxial 
and paraxial mesoderm, or mid- and hindbrain organisation 
in zebrafish. 

Dose-response experiments were performed to further 
address the possibility that the observed defects could be 
due to a novel, non-physiological action of EphA3 and 
ephrin-A5 or due to non-specific toxicity of the injected 
material. In either of these cases co-injection of sh EphA3 
and sh ephrin- A5 RNA should lead to an additive increase in 
the number of defective embryos. A partial reduction or 
rescue of the defects would be expected if expression of 
either sh EphA3 or sh ephrin-A5 interfered specifically 
with Eph-ephrin signalling processes, as the binding of 
exogenous receptor and ligand would titrate the specific 
activity of both proteins. Previously we have demonstrated 
that the injection of increased amounts of mRNA leads to 
increased production of the corresponding functionally 
active protein (Lackmann et al., 1998). When increasing 
concentrations of either sh EphA3 or sh ephrin-A5 RNA 
were injected into embryos, a dose-dependent increase in 
the number of embryos displaying the developmental 



syndrome described above was observed (Fig. 4). Thus, 
injection of 100 pg sh ephrin-A5-RNA caused defective 
axis and somite organisation in approximately 50% of 
embryos, and injection of 10 pg sh EphA3 RNA resulted 
in indistinguishable defects in 35% of the treated embryos. 
In contrast, co-injection of sh ephrin-A5 and sh EphA3 
RNA at these concentrations caused defects in only 20% 
of the treated embryos (Fig. 4). Together these data demon- 
strate that disruption of adaxial and paraxial mesoderm and 
of mid- and hindbrain organisation in zebrafish embryos 
injected with sh EphA3 and sh ephrin-A5 RNA is mediated 
by expression and specific activity of the corresponding 
proteins, and suggests that both dominant negative proteins 
interfere with the same endogenous Eph-ephrin mediated 
processes. 

2.4, Soluble human EphA3 expression causes defects in the 
presumptive notochord during gastrulation 

Our observations suggesting aberrant morphology during 
gastrulation, combined with the apparent defects in conver- 
gence evident by the early segmentation stage in embryos 
injected with sh EphA3 or sh ephrin-A5 RNA, led us to 
monitor cell convergence during gastrulation more closely. 
We used the expression of the notochord-specific gene ntl 
(Halpern et aL, 1993; Schulte-Merker et al., 1994) measured 
by in situ hybridisation as a marker for mesodermal conver- 
gence to the midline in sh EphA3 RNA injected embryos 
between onset and completion of gastrulation (6-10 hpf). In 
untreated shield-stage (50-60% epiboly) embryos, ntl 
expressing cells are arranged in a uniform radial pattern, 
following the germ ring and marking the embryonic shield 
(Fig. 5a) (Schulte-Merker et aL, 1994). Defects in the 
expression pattern of the ntl expressing cells were noted 
in approximately 50% of sh EphA3 RNA injected embryos, 
ranging from a diffuse, poorly converged shield and irregu- 
lar shaped blastula margin (Fig. 5b) to lack of shield forma- 
tion and scattered ntl expressing cells around the dorsal 
midline (Fig. 5c). By 80-90% epiboly, ntl expressing cells 
of the epiblast of the non-injected embryos have converged 
and extended anteriorly and posteriorly along the dorsal 
midline (Warga and Kimmel, 1990; Concha and Adams, 
1998) to form a tight band of the presumptive notochord 
(Fig. 5d). In contrast, ntl expressing cells of injected 
embryos at the same developmental stage had not converged 
equivalently and appeared as a broadened stripe which 
extended over the anterior-posterior length of the dorsal 
midline (Fig. 5e,f). Furthermore, the progress of the gastrula 
margin at this stage and later seemed to be retarded. Experi- 
mental and control embryos derived from "the same clutch 
were co-hybridised with paxlA, which is expressed with 
increasing level in the area of the presumptive midbrain 
(Fig. 5g-i), demonstrating that the illustrated embryos 
were analysed at equivalent stages of their development. 
By the end of gastrulation (95-100% epiboly) the difference 
between the ntl expression pattern of non-injected embryos 



A.C. Oates et at. / Mechanisms of Development 83 (J 999) 77-94 



83 







Frj. 5. rt// in situ hybridisation reveals convergence defects during gastrulation in hs EphA3-expressing embryos. Batches of zebrafish embryos were injected 
with 10 pg sh EphA3 mRNA and analysed at various time points during gastrulation by in situ hybridisation with a DIG-labelled riboprobes specific for ntl and 
pax2.1 (b,c,eXh,i). Non-injected control embryos from the same dutch were analysed in parallel (a,d,g). Embryos are oriented dorsally with anterior up. 
whereby examples of injected embryos with moderate (b.e,h) and severe (c,f,i) gastrulation defects are shown, (a-c) Embry os at 50-60% epiboly; rt//-stainin£ 
illustrates the newly formed shield and an even path around the blastula margin in non-injected embryos (a). Closed arrows in these panels and in panels (d-t > 
indicate the approximate position, at which the presumptive notochord -width was determined (see Fig. 5). Moderately (b) and severely -affected (c) embryos 
reveal an uneven margin and retarded or absent formation of a shield. The open arrow in (c) indicates ntl expressing cells that are separated from the shield area, 
(d-f) 80-90% epiboly embryos with distinct ntl staining of the presumptive notochord and of the closing yolk plug (d). Anteriorly, faint bands ot pa.x2.l- 
staining are discemable. The phenotype of affected embryos ranges from a substantially widened median stripe of n/7-expressing cells and a 'kinked' shape ot 
the presumptive notochord (e) to diffuse ml staining extending in a broad band from the yolk plug to the posterior base of pax2. 1 staining (0- (g.h) Towards the 
end of gastrulation (95-100% epiboly) ntl staining marks the notochord as a straight line of cells from the posterior, medial tips of the pax2. 1 domains (marked 
by arrows) to the closed yolk plug in control embryos (g), while affected embryos reveal a distinctively twisted notochord (h,i). 



(Fig. 5g; Schulte-Merker et al., 1994} and injected embryos 
had become less pronounced with respect to the width of the 
presumptive notochord (Fig. 5h.i and see below, Fig. 6a). 
On the other hand, injected embryos could be distinguished 



by a distinctively kinked appearance of the /i//-stained noto- 
chord at this stage (Fig. 5h.i). 

In order to quantitate the effect of dominant negative hs 
EphA3 on the convergence of early mesodermal cells at 



S4 



A.C. Oates ct al. / Mechanisms of Development (1999) 77-94 




50-60 80-90 95-100 Closed 
Developmental Stage (% epiboly) 




8 9 10 11 12 13 14 15 16 17 
Posterior Axis Width (cell number) 



Fig. 6. The width of presumptive notochord is significantly increased in 
embryos injected with sh EphA3-RNA. Batches of sh EphA3 mRNA- 
injected and control embryos analysed at various time points during gastru- 
lation as indicated by in situ hybridisation with a n//-specific ri bop robe and 
the posterior width (in number of cells) across the presumptive notochord 
determined (a). The mean axis width of non-injected control embryos (■) 
and of injected embryos (H) is shown. (b,c) Untreated (■) and injected (Ht 
embryos are grouped by their posterior axis width, which is plotted against 
the number of scored individuals. The distribution of the axis width around 
a statistical mean was ranked by Mann- Witney (/-test, suggesting an addi- 
tional population with increased notochord width at 50-60 % epiboly 
(P < 0.01, panel (b)) and at 80-90% epiboly (P < 0.003, panel (c)). 

varying stages during gastrulation, we estimated the width 
across the posterior end of the presumptive notochord by 
counting the number of n//-positive cells at this position in 
sh EphA3-RNA injected and in uninjected embryos (Fig. 6). 
In agreement with the findings illustrated above, we 
observed significant differences by this criterion for 



embryos at 50-60% and 80-90% epiboly, whereas towards 
the end of gastrulation (95-100% epiboly) the mean noto- 
chord width was essentially the same in injected and non- 
injected embryos (Fig. 6a). A more detailed analysis of the 
data suggests that during early and late gastrulation injected 
embryos can be grouped into wildtype and affected popula- 
tions by the number of /^/-expressing cells across the devel- 
oping notochord (Fig. 6b.c). At 50-60% epiboly some 50% 
of the injected embryos displayed a wildtype distribution of 
1 1 ± 2 cells across the presumptive notochord, whereas the 
affected phenotype was characterised by a significantly 
(Mann-Whitney U test, P < 0.01) increased width of J 4 ± 
2 /?f/-expressing cells (Fig. 6b). Later during gastrulation 
(80-90% epiboly), the wildtype notochord width had 
decreased to 9 ± 2 cells, while some 50% of the injected 
embryos display a significantly (Mann- Whitney Latest. 
P < 0.003) increased posterior axis width of 13 ± 2 cells 
(Fig. 6c). 

By early segmentation stages of development, the noto- 
chord of affected embryos injected with sh EphA3 RNA was 
severely deformed. In contrast to the wildtype expression of 
the ntl gene (Fig. 7a), the affected phenotype of 12 hpf 
embryos injected with sh EphA3 RNA ranged from a 
distinctly twisted and shortened notochord (Fig. 7b) to struc- 
tures where m/-expressing cells formed two twisted tracks 
for short stretches along the anterior/posterior axis (Fig. 7c). 
Parallel staining of these embryos with pax2 and kroxlO 
probes demonstrated failure of the convergence of the 
presumptive mid- and hindbrain in the same embryos 
(Fig. 7b,c). The appearance of ntl expression patterns during 
gastrulation are consistent with the twisted and broadened 
axial structures observed in living embryos (Fig. 2e) and 
inferred from the increased distance across the midline 
between wryaD-expressing adaxial cells (Fig. 3d). Thes4 
findings indicate that ectopic expression of dominant-nega- 
tive EphA3 affects development from the onset of gastrula- 
tion, with defects in the convergence of cells to the midline 
also found in the axial mesoderm. 

2.5. Expression and activity during gastrulation qfzebrafish 
EphA3 and ephrin-A-Ll 

We next assessed which EphA or ephrin-A family 
members are expressed during gastrulation, and hence 
might be subject to interference by the dominant negative 
hs'EphA3 and ephrin-A5 constructs. Significant differences 
in the primary protein structure of EphA3 and the known 
zebrafish EphAs suggest that the zebrafish EphA3 homolo- 
gue had not been described yet. Therefore, we screened a 
zebrafish library with a human EphA3 probe and isolated a 
cDNA clone containing partial EphA3-related DNA 
"sequences (A. Boyd, in preparation) including the predicted 
C-terminal third of exon 3 (ligand binding domain), exons 4, 
5 and 6 and the beginning of exon 7 (Lackmann et al., 1998). 
Alignment of the corresponding amino acid sequence with 
homologous sequences from human (h) EphA3 and chicken 
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Fig. 7. The notochord is severely distorted in sh EphA3-expressing segmentation-stage embryos. Embryos were injected with sh EphA3 mRNA (b,c) or left 
untreated (a) and the expression of pax2.L krox20 and ntl analysed by in-situ hybridisation. Defects due to expression of sh EphA3 include a kinked notochord 
and the failure of pax2.1, kroxlQ and ntl (open arrow heads in (c)) expressing cells to meet at the midline (b,c). 



. (c) EphA3 (Sajjadi et al., 1991) indicated an amino acid 
identity of 78% (85% similarity) with human, and 77% 
(similarity 86%) with chicken sequences over this region. 
In contrast, other known zebrafish and mammalian Eph 
sequences gave identity scores of less than 60%. We 
concluded that this clone encoded partial sequences of the 
zebrafish EphA3 homologue and used the cDNA sequence 
to generate probes for in situ analysis of whole-mount 
embryos during gastrulation (Fig. 8). 

Beginning with the shield stage (6 hpf), transcripts were 
detectable throughout the embryo (Fig. 8a), with marginally 
higher levels in the future dorsal side of the embryo (Fig. 
8a,b). Examination of later developmental stages revealed 
that transcripts were present in both epi- and hypoblast, 
although at higher levels in hypoblast (Fig. 8c,e,g). An 
elevated dorsal expression in the hypoblast became more 
obvious at 70-90% epiboly (7-9 hpf) (Fig. 8c-f), revealing 
a faint longitudinal dorsal stripe of EphA3 transcript in the 
region of the presumptive notochord (Fig. 8f). At the end of 
gastrulation (10 hpf) the expression became most 
pronounced in the anterior hypoblast, including the prechor- 
dal plate (Fig. 8g), while the fainter signal along the 
presumptive notochord persisted (Fig. 8g,h). Thus the puta- 
tive zebrafish EphA3 homolog is expressed throughout 



gastrulation, and is a candidate for interference by the domi- 
nant negative hs EphA3 and ephrin-A5 constructs. 

The homologue of human ephrin-A5, zebrafish ephrin-A- 
L4, is not expressed during gastrulation (Brennan et aL 
1997; C. Brennan and N. Holder, unpublished data), 
however a recently characterised zebrafish A-class ligand, 
ephrin-A-L 1, is expressed in the gastrula margin and ventral 
hypoblast (Durbin et al., 1998). Towards the end of gastru- 
lation strong ephrin-A-L 1 expression remains in a region 
corresponding to the presumptive tailbud, with weak 
expression lateral to the presumptive notochord. We initi- 
ally established the ability of recombinant, CHO-cell- 
expressed ephrin-A-L 1 protein to bind to human EphA3 
by BIAcore analysis. Together with recombinant, FLAG- 
tagged zebrafish ephrins-A-L3 and L4, ephrin-A-L 1 was 
expressed in CHO cells and, following purification to homo- 
geneity, passed over a sensorchip derivatized with sh EphA3 
(Fig. 9). Deconvolution of the binding reactions confirmed 
the previously-described 1:1 interaction (Lackmann et al.. 
1997) for all analysed ligands and revealed an affinity of 
ephrin-A-L4 binding to sensorchip-coupled sh EphA3 of 50 
nM, which is similar to the previously reported affinity of 1 2 
nM of the ephrin-A5/EphA3 interaction (Table 1: Lack- 
mann etaL 1997). Ephrin-A-L 1 and ephrin-A-L3 (zebrafish 
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ephrin-A2) bound to immobilised sh EphA3 with 9 and 6- 
fold reduced affinities, respectively, primarily due to mark- 
edly decreased association rate constants (Table 1). 

We next assessed if zebrafish ephrin-A-Ll would also 
interact with sh EphA3 in vivo, by injecting mRNA encod- - 
ing sh EphA3 or soluble (s) ephrin-A-Ll proteins either 
separately or in combination into 1-2 cell embryos, and 
scoring developmental defects by in situ hybridisation 
analysis of myo D gene expression (Fig. 10). Injection of 
mRNA encoding s ephrin-A-Ll at 60 pg/embryo resulted in 
67% of the injected embryos (n = 48) displaying defects 
reminiscent of the sh EphA3- mediated developmental 
defects (Fig. 10, and Durbin et al.. 1998; Lackmann et al., 
1998). At this concentration of sh EphA3 RNA, 52% 
(n = 46) of the injected embryos displayed similar defects. 
Co-injection of the s ephrin-A-Ll and sh EphA3 RNAs 
resulted in reduction of affected embryos to 34% 
( n r= 49). The rescue by s ephrin-A-Ll of the sh EphA3- 
induced developmental defect is thus similar to that 
observed with sh ephrin-A5 (compare Fig. 4) and indicates 
that s ephrin-Ll is also capable of binding to sh EphA3 in 
vivo. Together our experiments suggest the newly isolated 
zebrafish EphA3 f and ephrin-A-Ll as strong candidates for 
components of the endogenous Eph-ephrin signalling 
system that are disrupted during zebrafish gastrulation by 
the expression of sh EphA3 and sh ephrin-A5. 

3. Discussion 

The fate of cells and cell layers during gastrulation has 
been studied in considerable detail in the zebrafish (Kimmel 
et al., 1990; Ho, 1992; Shih and Fraser, 1995; Woo and 
Fraser, 1995; Melby et al., 1996), but little is known about 
the molecular mechanisms which guide the migration of 
these cells. We previously reported a characteristic, dose- 
dependent syndrome, which is evident in early segmentation 
stage embryos and is induced by the expression of a series of 
truncated, soluble versions of the human EphA3 extracellu- 
lar domain (Lackmann et al., 1998). Specifically, truncated 
extracellular domains containing the ephrin-binding domain 
displayed biological activity, suggesting that an interaction 
between the EphA3 receptor and an ephrin-A ligand was 
responsible for the developmental defects. In this study we 
have extended this observation, showing that this develop- 
mental syndrome can be mimicked by the expression of the 
soluble human ephrin-A5. We have examined the develop- 
ment of these embryos in detail and present evidence that 
the Eph and ephrin families of cell-cell signalling proteins 
may have important roles in the process of gastrulation, 
potentially by regulating cell movements during involution 
and convergence. 

3.1. Soluble forms of Eph and ephrins cause defects in 
zebrafish development 

It is well established that signalling through RTKs can be 
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Fig. 8. Expression of EphA3 during zebrafish gastrulation. Whole-mounted 
embryos were labelled with an antisense RNA probe to zebrafish Eph A3. 
The embryos are viewed lateral, with dorsal to the right in (a,c,e,g) viewed 
from the animal pole with dorsal to the top in (b,d) and viewed dorsal with 
anterior to the top in (f,h). (a,b), shield stage (6 hpf): low level expression 
throughout the embryo, with higher levels observed in the future dorsal side 
(closed arrow heads). (c,d), 70% epiboly (7 hpf), expression on the dorsal 
half of the embryo is more pronounced and the boundary between hypoblast 
and epiblast becomes apparent as disconuity, whereby EphA3 expression is 
notably higher in the hypoblast (arrow in panels (c,e,g)). (e.f), 90% epiboly 
(9 hpf), showing higher expression in the future brain area as compared to 
the trunk (e. arrow). A faint stripe of expression extends longitudinally 
along the axial midline (panel f. closed arrowhead). (g,h), 10 hpf, prominent 
anterior expression including the prechordal plate (panel g, open arrow 
head). A continuous stripe of axial midline expression in a laterally decreas- 
ing gradient has developed, with markedly increased expression in the head 
(panel h, open arrow heads), d, dorsal; pn, presumptive notochord; v. 
ventral; yp. yolk plug. 
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Table 1 

Hiiih-affinity binding of recombinant mammalian and zebrafish ephrins lo sh EphA3 



Sample 



Sequence identity 
with mammalian 
ephrins 



Association rate 
constant, 



Dissociation 
rate constant. 
Ms"') 1 



Dissociation 
constant. K D (M)' 



Dissociation 
constant (global 
fit). K D (M) b 



Ephrin-A5 
Ephrin-A-LI 
Ephrin-A-L3 
Ephrin-A-L4 



Ephrin-Al (50%) 
Ephrin-A2 (58%) 
Ephrin-A5 (78%) 



9.27 x 10 5 
1.77 X 10 4 
1.30 x 10 3 
5.11 x 10 5 



7.75 x 10~ 3 
5.15 x 10" 3 
5.00 x 10" 3 
2.50 x 10" : 



1.2 x 10~ 8 
4.6 X 10" 7 
3.1 X 10" 7 
5.0 x 10~ 8 



1.1 x 10" 8 

3.2 x 10" 7 
3.1 x 10" 7 
7.6 x 10" 8 



3 Association and dissociation rate constants and dissociation constants were estimated for a single-site interaction model as described previously (Lack- 
mann et al., 1997) using the BlAevaluation software, versions 2.1 and 3.0. 

b The affinity was also determined by global fitting to a 1:1 interaction model using the BlAevaluation 3.0 software. 



inhibited by coexpression of kinase deleted or truncated 
forms of the receptor (Honegger et al., 1990; Frattali et 
al., 1992; Spritz et al., 1992; Reith et al., 1993; Dumont et 
al., 1994; Peters et al., 1994). These findings suggest that 
heterodimerisation between an intact endogenous receptor 
and an exogenous inactive counterpart will antagonise 
signalling in a dominant negative manner (reviewed in 
van der Geer and Hunter, 1994). A dominant negative 
approach was successful in the analysis of zebrafish 
EphA4 (rtkl) function, in which the kinase-inactive form 
of the murine EphA4 receptor (Sekl) antagonised zebrafish 
EphA4 receptor- regulated cell movements during rhombo- 
mere boundary formation (Xu et al., 1995; Xu et al., 1996). 
Studies using the extracellular domain of the human EphA3 
in vitro and in vivo as signalling antagonist have confirmed 
the utility of the approach (Lackmann et al., 1998). 

In the case of the Eph family and their membrane-asso- 
ciated ephrin ligands, cell-cell contact is essential for signal- 
ling (Davis et al., 1994), hence the soluble form of the 
ligand can also inhibit signalling through the receptor 
(Winslow et al., 1995). In agreement with this notion, we 
reproduced the effect of the soluble EphA3 receptor on 
development (see Section 3.2) by injecting mRNA encoding 
sh ephrin-A5 into 1—4 cell stage zebrafish embryos. Using 
BIAcore technology and western blotting, we confirmed 
that both zebrafish expressed human proteins were function- 
ally active and abundantly expressed over the time course of 
our experiments (Fig. I). The morphology of live embryos,' 
and the expression pattern of the hlxL pax2.l, krox20 and 
myoD genes in embryos injected with sh ephrin-A5 RNA 
were indistinguishable from those displayed by embryos 
injected with sh EphA3 RNA (Figs. 2 and 3). This corre- 
spondence of developmental effects indicates that the same 
signalling process(es) were blocked by the expression of sh 
EphA3 and sh ephrin-A5. This conclusion is strongly 
supported by the ability of co-expressed receptor and ligand 
to correct the defects produced by either in isolation (Fig. 4). 

The high expression levels of the human proteins detected 
in injected embryos (Fig. lb), combined with the previously 
demonstrated specificity of EphA class receptors for ephrin- 
A class ligands (Cheng and Flanagan, 1994; Brambillaet al., 
1995; Lackmann et al., 1997; Monschau et al., 1997) 



precludes the conclusion that these effects are necessarily 
specific for the zebrafish homologues of human EphA3 and 
ephrin- A5. In this regard, it is important to note that a 
consistent syndrome was observed for all concentrations 
of mRNA introduced into the embryo, though with increas- 
ing frequency and intensity at higher levels of mRNA (Fig. 
4). Additional categories of defective features would have 
been expected if additional low-affinity receptor ligand 
interactions, for example with the Eph-ephrin B class, 
were successively disrupted with increasing concentration 
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Fig. 9. BIAcore binding curves illustrating the interaction of ephrin-A-LI 
and ephrin-A-L4 with sh EphA3. Homogenous preparations of CHO cell- 
expressed ephrin- A-L4 (ai or ephrin- A-Ll (b) at increasing concentrations 
(O.I. 0.2. 0.4. 0.6, 0.8. 1.0. 2.0. 4.0. 6.0 p,M) were injected across a sh 
EphA.I-coated sensor chip surface and the plasmon resonance signal 
< response units. RU) used to estimate the kinetic rate constants (k t! . k.,> 
and the affinity of the interactions (K 0 ) as detailed in section 4. 
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Fig. 10. Developmemtal defects in expression of soluble ephrin-A-Ll induces defects reminiscent of sh ephrin-A5 mediated defects. Embryos were injected 
with 60 pg of s ephrin-A-Ll -RN A, allowed to develop for 12-13 hpf and fixed for in situ hybridisation with a myoD DIG-labelled riboprobe. Embryos are 
photographed from a dorsal perspective with anterior to the top and posterior to the bottom of each frame, (a) Uninjected embryo at 12 hpf showing norma! 
expression of myoD in the paraxial and adaxial mesoderm. Note the exactly-parallel pattern of myoD-positive cells (arrows), (b) mRNA encoding the soluble. 
FLAG-tagged form of zebrafish ephrin-A-Ll (s ephrin-A-Ll-RNA) (60 pg) injected embryo at 12 hpf illustrating a phenotype reminiscent with the sh ephrin- 
A5-RNA injected embryos shown in Fig. 3(e,f). myoD expressing cells do not form the parallel pattern of paraxial and adaxial mesoderm seen in non-injected 
embryos (arrows) and reveal areas of missing myoD expression in the somites (open arrow head) and an unevenly increased distance across the midline. 



of dominant negative protein. For example, defects invol- 
ving the generation of ectopic secondary embryonic axes are 
seen in Xenopus embryos expressing dominant negative 
EphB2 or ephrin-Bl constructs (Tanaka et al., 1998), indi- 
cating a role in dorsal specification for these proteins. 
However, this type of defect was never observed in our 
studies, indicating that any potential homologous function 
for EphB signaling in the zebrafish was not perturbed by a 
disruption of EphA3/ephrin-A5 signaling. Further, conver- 
gence defects in the zebrafish hindbrain or paraxial meso- 
derm were not observed after injection of a dominant 
negative EphA4 construct (Xu et al., 1996; Durbin et al., 
1998). Instead, ventral diencephalon cells became incorpo- 
rated into the eye fields, losing midline, neural markers such 
as rtkl and zashl (Xu et al., 1996). Our data showing normal 
expression of hlxl in the ventral diencephalon indicates that 
this structure is not grossly affected by a disruption of 
EphA3/ephin-A5 signalling, suggesting that the defects 
observed here are distinct from those produced by blocking 
EphA4 function. From these considerations, we suggest that 
the early effects of ectopic expression of sh EphA3 and 
ephrin-A5 may be restricted to a subset of the EphA/ 
ephrin-A class of interactions. 

3.2. Endogenous targets of disrupted EphA-ephrin-A 
interactions in the zebrafish embryo 

What are the endogenous targets of the exogenous sh 
EphA3 and ephrin-A5 proteins in the gastrula stage zebra- 
fish embryo? To date, eight of the 1 1 Eph family members 
described in zebrafish, (rtkl -3, 5, 6, 8, zdkl, and EphA3) are 



expressed in spatially restricted patterns at this time (Fig. 8) 
(Xu et al., 1994; Taneja et aL, 1996; Cooke et aL, 1997) 
whereas the expression of only one zebrafish ephrin, ephrin- 
A-Ll, has been demonstrated during gastrulation (Durbin ei 
al., 1998). Our data is consistent with the novel zebrafish 
EphA3 being a target of the exogenous sh EphA3 and 
ephrin -A5 proteins. Firstly, EphA3 is expressed in a pattern 
that matches the site and timing of the defects, i.e. during 
gastrulation in the epiblast and at higher levels in the dorsal 
hypoblast. Secondly, as discussed in section 3.1, our disrup- 
tion of Eph/ephrin signalling does not phenocopy previoush 
described abnormalities in the early embryo caused b\ 
perturbation of (1) EphB class signalling (Winning et al.. 
1996; Jones et al., 1998; Tanaka et al., 1998) or (2) other 
members of the EphA class (Xu et al., 1996; Durbin et al.. 
1998 #537). Finally, the novel EphA3 has a higher similar- 
ity in its ligand binding domain to human EphA3 than any 
other known zebrafish Eph protein, and thus would likely 
represent a preferential high affinity binding partner for sh 
ephrin-A5. However, on the basis of their expression 
patterns we acknowledge the possibility of interaction 
with other EphA receptors, for example rtkl, 3, or 6 (Xu 
et al., 1994; Cooke et al., 1997). 

The zebrafish ephrin- A5 orthologue, ephrin-A-L4 (Bren- 
nan et al., 1997) interacts with the human EphA3 receptor 
with an affinity that is comparable to the interaction between 
the corresponding human proteins (Table 1). However, it is 
clear from in situ expression studies that ephrin-A-L4 is 
expressed only after gastrulation (Brennan et al., 1997), in 
contrast to ephrin-A-Ll. which is expressed at sites and 
times (Durbin et al., 1998) that match the observed defects. 
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In this .^udy we demonstrate high affinity binding of s 
ephrin-A-Li to human EphA3 in vitro. Further, the devel- 
opmental defects resulting from overexpression of dominant 
negative s ephrin-A-Ll (Fig. 8) are indistinguishable from 
the sh EphA3 and sh ephrin-A5-induced defects, consistent 
with a functional role for EphA3/ephrin- A 1 interaction in 
mammalian systems (Beckmann et al., 1994; Gale et al., 
1996). Importantly, coexpression of a soluble form of 
ephrin-A-Ll with sh EphA3 during zebraflsh gastrulation 
partially neutralises the effects of sh EphA3 expression, 
similar to the activity of sh ephrin-A5 in this context. 
Combined, our results strongly suggest that ephrin-A-Ll 
is an endogenous target for the dominant negative effects 
of sh EphA3 expression, and that zebrafish EphA3 is likely 
to be an endogenous target for sh ephrin-A5. 

3.3. The developmental syndrome associated with blocking 
EphA-ephrin-A interaction is consistent with a disruption of 
gastrulation 

Extensive convergence movements during zebrafish 
gastrulation bring cells from lateral positions of the epiblast 
and the hypoblast in the early gastrula toward the dorsal 
midline of the embryo (Warga and Kimmel, 1990; Woo 
and Fraser, 1995; Concha and Adams, 1998). Cells that 
have involuted from the epiblast at the onset of gastrulation 
to form the hypoblastic mesoderm (Schulte-Merker et al., 
1992) are marked by the ntl gene, a zebrafish Brachyury 
homologue (Schulte-Merker et al., 1994). Our observations 
of perturbed gastrula morphology, combined with defects in 
early mesodermal ntl expression (Figs. 5-7) indicate that the 
antagonistic effects of sh EphA3 and sh ephrin-A5 are 
evident with the onset of gastrulation. As cells from lateral 
positions of the hypoblast converge to the dorsal margin to 
form the shield or dorsal organiser, an accumulation of ntl 
transcript is normally observed at this location. The loss of 
ntl expression from this marginal region in embryos with a 
block in EphA-ephrin-A interaction implies that involution 
has been locally perturbed (Fig. 5c). Further, the increase in 
mediolateral width of the shield and presumptive notochord, 
as gauged by ntl expression, appears to indicate a significant 
retardation of early convergence movements in embryos 
with disrupted EphA-ephrin-A interactions (Fig. 5b,e.f). 
The notochord derives from cells within or very close to 
the shield region of the early gastrula (Melby et al., 1996), 
and presumptive notochord cells continue to express ntl as 
the notochord elongates towards the animal pole by the 
movements of extension (Schulte-Merker et aL 1992). 
Two alternative interpretations could explain why disrup- 
tion of EphA-ephrin-A interactions affect convergence most 
markedly early in gastrulation (Figs. 5 and 6). Firstly, early 
and late phases of convergence, which differ with respect to 
cell movement, morphology and orientation of cell division 
(Concha and Adams, 1998), may be differentially affected 
by a block of Eph-ephrin interactions. Alternatively, the 
early defects may reflect a delayed completion of involution 



of Development 83 (1999) 77-94 g 9 

and ingression at the margin rather than resulting from a 
perturbation of convergence. Thus the correction in noto- 
chord width seen in embryos by 10 hpf (Figs. 6a and 7b,c) 
may indicate cells converging correctly, but late, at the 
midline. 

- Cells of the epiblast fated to contribute to the mid- and 
hindbrain also undergo extensive convergence movements 
during gastrulation (Warga and Kimmel. 1990; Woo and 
Fraser, 1995; Concha and Adams, 1998), whereby the 
more posterior cells in the neuraxis come from more lateral 
positions in the early gastrula, and hence have further to 
migrate (Woo and Fraser, 1995). The observed lateral 
displacement of kroxlO expressing cells of the presumptive 
hindbrain, and to a lesser extent, paxl.l positive cells of the 
presumptive MHB, from the midline of affected embryos 
(Figs. 3 and 7), suggests a correlation between the degree of 
disruption we observe (with rhombomere five, more medio- 
Iateraly displaced than rhombomere three, and rhombomere 
three, more strongly displaced than the MHB), and the prob- 
able distance, the affected cells migrated during gastrula- 
tion. Notably, hlxl -expressing cells in the ventral forebrain 
and midbrain (Fjose et aL, 1994) which are derived from a 
contiguous domain centered about the midline at the begin- 
ning of gastrulation (Woo and Fraser, 1995) remain rela- 
tively insulated from the effects of a blockade of EphA- 
ephrin-A interaction. Thus the correspondingly shorter 
convergence distance of ventral hlxl expressing forebrain 
and midbrain cells over the cells of the MHB may account 
for the normal appearance of the hlxl domain in embryos 
exhibiting MHB and hindbrain defects. 

Using an early marker of muscle commitment, myoD 
(Weinberg et al., 1996), we have demonstrated that a disrup- 
tion of EphA/ephrin-A interaction leads to a range of defects 
in the organisation of cells in the paraxial mesoderm. The 
elongation of lateral somite boundaries away from the 
midline (Fig. 3f) is readily explained by a retardation of 
convergence, similar to that seen in the gastrulation defec- 
tive mutants trilobite and knypeck ( Solnica-Krezel et al., 

1995) . The localised absence of paraxial myoD expression 
in some embryos (Fig. 3f) may result from a failure of 
ingression and involution of a particular region of the somi- 
tic anlage. Alternatively it may reflect a later migration 
defect, similar to the effect of the spadetail mutation on 
myoD expression, where mesoderm fated to migrate into 
developing trunk somites appears in the tailbud, resulting 
in animals with greatly enlarged tails and lacking somitic 
structures (Kimmel et al.. 1989; Ho. 1992; Weinberg et aL 

1996) . Finally, disturbance of paraxial myoD expression 
may result from an aberrant positioning of the paraxial 
mesoderm at a distance from the notochord which is outside 
the inductive activity of shh. Transcription of 
throughout the paraxial mesoderm is known to be induced 
by Shh (Weinberg et aL, 1996) and recently it has been 
shown, that loss of shlu as found in sonic you mutants, 
dramatically reduces myoD levels in adaxial cells and 
more lateral somitic mesoderm (Schauerte et aL, 1998). 
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The fusion of somite boundaries and loss of register 
between boundaries across the midline that we observed 
in some of the injected embryos (Fig. 3d.f) is reminiscent 
of treatments and mutations that affect the anterior-posterior 
segmentation process of the paraxial mesoderm (van Eeden 
et al.. 1996; van Eeden et al., 1998: for review, see: McGrew 
and Pourquie, 1998). raising the possibility that the disrup- 
tion of EphA-ephrin-A signalling may perturb segmentation 
or somitogenesis directly. The expression patterns in mice 
and rats would support the possibility of Eph-ephrin inter- 
actions during somitogenesis (Cheng and Flanagan, 1994; 
Donoghue et al., 1996; Gale et ah. 1996; Kilpatrick et al., 
1996; Flenniken et al., 1997). Indeed, we have demonstrated 
recently, that expression of dominant negative EphB2, 
EphA4 or ephrin-A-Ll affects somite boundary formation 
(Durbin et al., 1998). Thus a contribution of EphA4 or 
ephrin-A-Ll to some of the observed defects in somite orga- 
nisation seems likely. Importantly, although the segmental 
expression of myoD in the paraxial mesoderm was lost in the 
most severe dominant negative EphA4 phenotypes (Durbin 
et al., 1998), in no instance was an effect on the adaxial cells 
observed. By contrast, the twisted appearance of the noto- 
chord and adaxial cells of early segmentation stage embryos 
with disrupted EphA/ephrin-A interactions in the present 
study suggests dramatically disturbed convergence move- 
ments in the trunk of these animals which would result in 
a perturbation of paraxial mesoderm prior to the localised 
somite boundary formation of segmentation. 

3.4. Potential mechanisms of EphA-ephrin-A activity during 
gastrulation 

As described above, interference in Eph-ephrin signalling 
appears to perturb multiple processes during gastrulation. 
The evidence is consistent with a disruption of involution 
and/or ingression, as well as the later convergence of both 
epi- and hypoblast. The current view of the role of EphA/ 
ephrin-A interactions during growth cone and neural crest 
cell migration is the delivery of a repulsive signal that 
causes the moving cell to select a path that avoids high 
concentrations of ligand (for review: Flanagan and Vander- 
haeghen, 1998). It is not clear how the endogenous EphA3 
and ephrin-A-Ll proteins, likely to be disrupted by our 
treatment, would be mediating this type of behaviour during 
early gastrulation, but it is intriguing that the two genes 
appear in complementary expression gradients in the late 
gastrula (70% epiboly). This does not preclude the involve- 
ment of other, as yet unknown, EphA or ephrin-A family 
members with appropriate expression patterns in specific 
contact repulsion based guidance tasks during gastrulation. 

Importantly, depending on the Eph-ephrin interaction and 
the cell type involved, biological responses other than repul- 
sion have been noted for Eph receptors. For example, 
ephrin-A 1 is competent to cause endothelial cell chemotaxis 
and capillary assembly ( Pandey et al., 1995; Daniel et al., 
1996), and mice lacking ephrin-B2 do not remodel vascular 



plexi into properly branched vessels (Wang et al., 1998). 
Stein et al. (1998) have demonstrated that the adhesive 
properties, but not receptor phosphorylation, of endothelial 
cells expressing EphB receptors are dependent upon higher 
order clustering of the ephrin-B ligand. indicating that Eph 
receptors can distinguish between different ligand oligomer 
states and deliver alternate signals. These results suggest 
that Eph/ephrin interactions can also deliver attractive and 
adhesive signals. 

Multiple cell adhesion molecules such as fibronectin and 
members of the cadherin and integrin families are 
expressed, and regulate, cell migration and intercalation 
during vertebrate gastrulation (reviewed by Winklbauer et 
al., 1996). The ability of activated EphA4 and over- 
expressed ephrin-B 1 to cause a loss of cell adhesion in the 
Xenopus blastula (Winning et al., 1996; Jones et al., 1998) 
indicates that perturbation of Eph/ephrin signaling can lead 
to defective adhesion in the embryo, albeit at developmental 
times earlier than the defects observed here. In contrast, loss 
of the function of the cell adhesion molecule paraxial proto- 
cadherin (papc) in both zebrafish and Xenopus leads to 
defects in convergence of the trunk mesoderm highly remi- 
niscent of those observed in this study (Kim et al., 1998: 
Yamamoto et al., 1998). Further, expression of papc drives 
the elongation of sensitised animal cap explants by causing 
the cells to intercalate in the same way as seen during 
convergent extension (Kim et al., 1998). Together these 
findings would support an alternative mechanism of 
EphA/ephrin-A activity, whereby the gastrulation defects 
observed after disruption of EphA/ephrin-A interactions 
may be due to a change in cell-cell adhesion, preventing 
correct migratory and perhaps intercalation behaviour. For 
example, both EphA3 and ephrin-A-Ll are radially 
expressed in the hypoblast of the early gastrula, and 
EphA3 is found in addition in the overlying epiblast. Loss 
of EphA3/ephrin-A-Ll interaction between these cell layers 
may result in an inability of cells at the margin to de- and re- 
adhere during involution and ingression, producing the 
aberrant epibolic margin and nil expression patterns we 
observed. We must offer the caveat that our analysis is 
based on the movements of cells as large groups in the 
embryo, and that we cannot comment on the migratory 
behaviour of single cells under the effect of disrupted 
EphA-ephrin-A interactions during gastrulation. We are 
currently testing these ideas to determine the mechanisms 
of perturbation in detail. 

Finally, we note that a loss-of-function-mutation in the C 
elegans Eph homologue, vab-1, results in a failure in the 
movements of neuronal cells in gastrulation cleft closure, 
and in the migration of epidermal cells to complete ventral 
enclosure of the epidermis immediately thereafter (George 
et al., 1998). The similarity of these defects and those 
evident in vertebrate embryos with disrupted EphA-ephrinA 
interaction shown here implies an ancient evolutionary 
usage of Eph receptors in the execution of the complex 
morphogenetic movements of gastrulation, and suggests 
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that Eph-ephrin interaction may be a general mechanism for 
regulation of cell movement. 

4. Experimental procedures 

4.1. Fish care and embryo collection 

Wildtype zebrafish were obtained from St. Kilda Aqua- 
rium (Melbourne) and kept essentially as described 
(Westerfield, 1995). Embryos were obtained by natural 
spawning between a small number (4-10) of male and 
female fish. Embryos were removed from the spawning 
tanks within 20 min of fertilisation, cleaned in system 
water, and transferred to the injection apparatus. 

42. Screening of a zebrafish cDNA library 

A 28 h zebrafish embryo cDNA library cloned into the 
ZAP vector was screened using a 660 bp human EphA3 
probe generated by PCR from primers at either end of the 
third exon encoding the ligand binding domain (Lackmann 
et al., 1998). The probe was 32 P labelled using a Megaprime 
labelling kit (Amersham). A total of 2 X 10 6 plaques were 
transferred onto duplicate filters which were then pre-hybri- 
dized (5 X Denhardts solution, 5 X SSPE, 0.1 mg/ml salmon 
sperm DNA, 0.5% SDS) for 4 h and hybridized with 32 P 
labelled probe ovef-night. The filters were washed in SSPE/ 
0.1% SDS, twice at room temperature and twice at 60°C. 
Duplicate positives plaques were identified by autoradiogra- 
phy and isolated for purification of postive clones. Bestfit 
analysis of the amino acid sequence encoded by the clone 
identified amino acids 214-^77 of the published hEphA3 
sequence (Wicks et al., 1992). This includes the C terminal 
third of exon 3, exons 4, 5 and 6 and the beginning of exon 7 
(Lackmann et al., 1998). Bestfit analysis was performed 
against homologous sequences from human (hEphA3) and 
chicken (c EphA3) (Sajjadi et al., 1991). 

4.3. RNA synthesis and microinjection 

Constructs equivalent to FLAG-tagged, soluble human 
EphA3 extracellular domain (sh EphA3) and soluble 
ephrin-A5 (sh ephrin-A5) were generated by PCR from 
cDNA constructs encoding the FLAG-tagged soluble 
human proteins (Lackmann et al.. 1997). In each case the 
5' oligonucleotide was based on the IL-3 signal sequence 
and the 3' oligos were as above, except that Bglll sites were 
used to clone the PCR products into the pSP64TK vector. 
The cDNA encoding truncated, soluble ephrin-A-Ll was 
prepared as described (Durbin et al., 1998). mRNA from 
the EphA3. ephrin-A5 and ephrin-A-Ll constructs and 
control GFP and mDCC cDNA constructs were transcribed 
in vitro (message maker kit. Ambion, Texas) and resus- 
pended in water at 0.1 mg/ml. Integrity of the mRNA was 
checked by denaturing gel electrophoresis. Immediately 
prior to injection, aliquots of sh EphA3-RNA or sh 



ephrin-A5-RNA were thawed and adjusted with water and 
GFP mRNA to deliver either 10 pg, 1 pg, or 0. 1 pg of the sh 
EphA3-RNA, 10 pg or 100 pg of the sh ephrin-A5-RNA and 
5 pg of the GFP mRNA or 10 pg of the sh EphA3-RNA and 
100 pg of the sh ephrin-A5-RNA to each embryo. Approxi- 
mately 600 pi of RNA solution was injected into the blas- 
toderm or yolk of one, two or four cell embryos under a 
Wild stereo microscope using Leitz micromanipulators 
(Leitz, Wetzlar. Germany) and compressed nitrogen. 
Uptake and translation of mRNA by the embryo was 
measured by including 5 pg mRNA encoding EGFP as a 
marker in each injection. 

4.4. Analysis of sh EpfiA3 and sh ephrin-A5 production in 
zebrafish embryos by Western blot and BIAcore analysis 

Translation of EphA3, ephrin-A5 and DCC mRNA was 
measured at intervals during embryogenesis by Western 
blotting and the abundance of functionally-active proteins 
by BIAcore analysis of whole embryo lysates. Ten embryos 
per 0. 1 ml sample were lysed in buffer (25 mM Tris-HCl, 
pH 7.4, 0.5 M NaCl, 1% Triton X-100) containing protease 
inhibitors (1 mM PMSF/1 mM EDTA/5 \xM E64 (trans- 
epoxysuccinyI-L-3-methyl-butane, Boehringer Mannheim) 
/10 jxM leupeptin, 10 \xM pepstatin/1 mM 1,10-Phenanthro- 
line), the lysate cleared by centrifugation (60 min. 
1 x 10 5 x g) and stored at - 80°C until use. For compar- 
ison, CHO cell-derived sh EphA3 and sh ephrin-A5 (as 
indicated) were added to lysates of non-injected embryos. 
Samples were extracted individually using 7.5 \l\ of packed 
anti-FLAG MAb (M2) agarose (IB I, Kodak), washed (0.5 
ml each) with lysis buffer and Tris-buffered saline (TBS) 
and eluted with 2 x 15 \l\ of 0.15 mg/ml FLAG peptide in 
TBS. Parallel samples were analysed either by SDS-PAGE 
and Western blot using biotinylated anti-FLAG M2 MAb 
(IBI, Kodak) and HRP/streptavidin (Boehringer. 
Mannheim) for enhanced chemiluminescence detection 
(ECL, Pierce) or analysed on the BIAcore. BIAcore sensoi 
chips were derivatised with anti-EphA3 MAb IIIA4 or sh 
EphA3 as described (Lackmann et al., 1996; Lackmann ei 
al.. 1997). Lysates of zebrafish embryos which had been 
injected with sh EphA3-RNA or sh ephrin-A5-RNA were 
analysed in parallel with samples of zebrafish lysates 
containing known concentrations of the CHO cell-derived 
proteins. A linear correlation (r = 0.998) between increas- 
ing concentration of added protein and BIAcore response 
was obtained routinely. 

4.5. Kinetic BIAcore analysis of the interaction between 
ephrin-A-Ll. ephrin-A-L3. ephrin-A-L4 or sh ephrin-A5 ana 
sh EphA3 

The methodology for the expression, purification ane 
kinetic analysis of FLAG-tagged ephrins has been describee 
previously in detail (Lackmann et al.. 1997). Briefly, reconv 
binant. soluble FLAG-tagged forms of ephrin-A-L 1 . ephrin 
A-L3. ephrin-A-L4 or ephrin-A5 were obtained froir 
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culture supernatants of CHO cells which had been stably 
transfected with the pEFBOS vector containing the relevant 
cDNA: homogenous preparations of these proteins were 
obtained by affinity and size-exclusion chromatography 
and the protein concentration determined as described 
previously (Lackmann et al., 1997). The binding of the 
various ephrins to the sh EphA3-coated BIAcore sensor 
chip surface (Lackmann et al., 1997) was performed at 25 
p.l/min to avoid ambiguities due to mass-transport problems 
as instructed by the manufacturer (BIAcore AB, Sweden). 

The interaction kinetics were derived from the BIAcore 
raw data essentially as described (Lackmann et al., 1997) 
and by global fitting analysis using the BIA evaluation soft- 
ware (version 2.1 and version 3.0). 

4.6. Whole mount RNA in situ hybridisation 

The effects of each of the injected mRN As on embryonic 
development was measured at 6-15 hpf, i.e. from the shield 
stage to five to eight somite stage (Kimmel et ah, 1995) by 
light microscopy and in situ hybridisation with probes to 
hlxl (Fjose et al., 1994), paxlA (Krauss et al., 1991), 
kroxlO (Oxtoby and Jowett, 1993), myoD (Weinberg et 
al., 1996) and ntl (Schulte-Merker et al., 1994). Embryos 
were scored as defective if the wildtype pattern of gene 
expression was disrupted. Riboprobe synthesis and in situ 
hybridization were carried out essentially as described 
(Schulte-Merker et al., 1992) with the following modifica- 
tions: riboprobes were purified before use over RNA sepha- 
dex G-50 columns (Boehringer, Mannheim). Using 
estimates of RNA synthesis based on 32 P-CTP incorpora- 
tion, probes were resuspended in HYB + at a concentration 
of 1 ng/ml for use. Embryos were not proteinase K digested. 
Hybridization and washing was carried out at temperatures 
of 65-70°C. Non-specific binding of anti-digoxygenin Fab- 
AP (Boehringer Mannheim), used at a dilution of 1/5000, 
was blocked with 10% w/v Blocking Reagent (Boehringer 
Mannheim)/25 heat-inactivated sheep serum/MABT (100 
mM Maelic acid, 150 mM NaCl, 0.1% Tween-20, pH 7.5) 
for 1 h at room temperature. Color detection reactions 
utilized BM purple substrate (Boehringer Mannheim), and 
were developed for up to 2 days before fixing in 4% paraf- 
ormaldehyde/PBT. Embryos were either cleared in glycerol 
or benzyl benzoate: benzyl alcohol (2:1) and photographed 
using a Leitz Wild T stereo dissection microscope or a 
Nikon Microphot AX compound microscope. 
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Abstract. Animals evolved a variety of gene families 
involved in cell-cell communication and developmental 
control by gene duplication and domain shuffling. Each 
family is made up of several subtypes or subfamilies 
with distinct structures and functions, which diverged by 
gene duplications and domain shufflings before the di- 
vergence of parazoans and eumetazoans. Since the sepa- 
ration from protostomes. vertebrates expanded the mul- 
tiplicity of members (isoforms) in the same subfamily by 
further gene duplications in their early evolution before 
the fish-tetrapod split. To know the dates of isoform 
duplications more closely, we have conducted isolation 
and sequencing cDNAs encoding the fibroblast growth 
factor receptor. Eph. src. and platelet-derived growth 
factor receptor subtypes belonging to the protein tyrosine 
kinase family from Branchiostoma helcher'u an amphi- 
oxus. Eprar rents burgeri. a hag fish, and Lcunpetra re iss- 
ue ri. a lamprey. From a phylogenetic tree of each sub- 
family inferred from a maximum likelihood (ML) 
method, together with a bootstrap analysis based on the 
ML method, we have shown that the isoform duplica- 
tions frequently occurred in the early evolution of verte- 
brates around or just before the divergence of cyclo- 



thita t fcfui\iti*w: The nucleotide sequence data reported in this paper 
have been deposited in the DDBJ. EMBL. and GenBank nucleotide 
sequence databases (accession nos. AB025534— AB025557) 
ConcsfUfmU'iit i' to: T. Miyata: e-ituiii: miyata(£?biophys.kyoto-u.ac.jp 



stomes and gnathostomes by gene duplications and 
possibly chromosomal duplications. 

Key words: Protein tyrosine kinases — isoforms — 
hagfish — lamprey — amphioxus — gene duplication — 
phylogenetic tree — evolution 



Introduction 

Multicellular animals evolved a variety of gene families 
involved in cell-cell communication and developmental 
control by gene duplication and domain shuffling. Each 
family diverged from one or a few ancestral genes, which 
are shared with plants and fungi, or from an ancestral 
gene created uniquely in animal lineage (e.g., Iwabe et 
al. 1996). From phylogenetic analyses of several gene 
families involved in the signal transduction and devel- 
opmental control, we recently showed that the pattern of 
gene diversification is characterized by two active peri- 
ods in gene duplication interrupted by considerably long 
periods of silence, instead of proceeding gradually (Suga 
et al. 1997, 1999: Koyanagi et al. 1998a? 1998b: Hoshi- 
yama et al. 1998: Ono et al. 1999). In the early period 
before the parazoan-eumetazoan split, animals under- 
went extensive gene duplications (subtype duplications) 
that gave rise to different subtypes with diverse func- 
tions. Almost complete sets of present-day subtypes had 
been established within that period. After the divergence 
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Table 1. Degenerate primers used for the cloning of cDNAs from cyclostomes and amphi< 



Primer 



Subtype 



Name 



Sequence 



FGFR 



Eph 



Amino acid sequence 



PDGFR 



ami sense 
sense 

antisense 

sense 
antisense 
sense 
antisense 



SO 
SI 
Al 

SO 
SI 
AI 
A2 

SI 
S2 
Al 
A2 

SO 
SI 
Al 



5'-GGTAARCCIYTIGGlGARGGIKSNTTYGG-3' 

5'-GGCAAGCAYAARAAYATIRTIAAYYT-3' 

5'-GACGACICCIWRISHCCANAYRTC-3' 

5 ' -GTTATIGCIGNIGGNG ARTTYGG-3 ' 

5 '-GTIC A YMGIG A Y YTIGCIRCNMGN A A-3 ' 

5 ' -GC YTCIGGIGCIGTCC ANC-3 ' 

5'-GTCCAICFClAYIGGIATYTT-3' 

5 '-GG A VMNGGI YRTTTYGGIG ANGTNTGG-3 ' 

5 '-GGNGARGTNTGGATGGGNACNTGGAA YGG-3 ' 

5'-GCYTCIGGNGCIGTCCAYTTDATNGG-3' 

5 '-GG YTCNGTNGCNGTRAARTARTCYTCN ARRAA-3 ' 

5 '-GGTMRACCI YTIGGIN VIGGIGCNTTYGG-3 ' 

5'-GGCAAGCAYAARAAYATIRTIAAYYT-3' 

5'-GACGACICCIWRISHCCANAYRTC-3' 



GKPLGEG(C/A)FG 

GKHKNI<I/V)NL 

D( V/I)W( S/A )( FA7L )G V V 

VIGXGEFG 
VHRDLA(A/T)RN 
RWTAPEA 
KIP(I/V)RWT 

GXG(Q/C )FG( E/D ) V W 
GEVWMGTWNG 
PIKWTAPEA 
FLEDYFTATEP 

G( K/R )PLGXG AFG 

GKHKNI(I/V)NL 

D(V/I)W<S/A)(FA7L>GVV 



The identical primer is used for the cloning of cDNAs from Branchiostoma belcheri (amphioxus). Eptatretus 
reissnen (lamprey), except for the lamprey Eph. (see Materials and Methods). 



burgeri (hagfish). and Lompetra 



of protostomes and deuterostomes, the multiplicity of 
members in the same subtype rapidly increased in the 
first half of chordate evolution before the fish-tetrapod 
split by further gene duplications (isoform duplications), 
which gave rise to different isoforms; in most cases, 
different isoforms in the same subfamily are virtually 
identical in structure and function, but differ in tissue 
distribution (for isoforms in the protein tyrosine kinase 
[PTK] family, see Kraus et al. 1989; Partanen et al. 1991 ; 
Shier and Watt 1992; Mustelin and Burn 1993; Takaha- 
shi and Shirasawa 1994; Fox et al. 1995). A remarkable 
consequence suggested by these analyses is that there 
might be no direct link between the Cambrian explosion 
and the burst of subtype duplication. 

The extensive isoform duplication in the first half of 
chordate evolution has been identified in many subtypes 
belonging to various gene families (Miyata et al. 1994; 
Iwabe et al. 1996; Suga et al. 1997, 1999; Hoshiyama et 
al. 1998). To know the dates of the active period of 
isoform duplication more closely, we have conducted 
isolation and sequencing cDNAs encoding the fibroblast 
growth factor receptor (FGFR), Eph, src, and platelet- 
derived growth factor receptor (PDGFR) subtypes of the 
PTK family from an amphioxus, a hagfish, and a lam- 
prey. We report here that the extensive isoform duplica- 
tion is observed in a period around or immediately before 
the cyclostome-gnathostome split. 

Materials and Methods 

Isolation and Sequencing of Cyclostome and 
Amphioxus cDNAs 

Total RNA of Eptatretus burgeri ha^s^ was extracted from each of 
the liver, brain, and vestigial eye^ 



an amphioxus. and larva of Lampetra reissnen, a lamprey, were ex- 
tracted from the whole body using TRIZOL Reagent (Gibco BRL). 
These total RNAs were reverse-transcribed to cDNAs using oligo(dT) 
primer with reverse transcriptase (Superscript II. Gibco BRL) and were 
used as templates for PCR amplifications with Expand High-Fidelity 
PCR System (Roche). The sense and antisense degenerate primers were 
designed from conserved amino acid residues as shown in Table I. 
PCR amplifications were carried out under annealing condition of 46°C 
with the primers Si and A 1 (see Table 1) for all subtypes shown in 
Table 1. followed by nested PCR with SI and A2 for the Eph subtype 
ofL reissneri. In £. burgeri, cDNAs prepared from the liver, brain, and 
vestigial eye were used as templates, except for the Eph subtype, for 
which the cDNA from the brain was used. For the sre subtype, we 
carried out another PCR procedure with the primers SI and A2 under 
annealing condition of 46°C, followed by nested PCR with S2 and Al 
under 50°C. 

The PCR-amplified fragments were purified and cloned into the 
pT7Blue vector (Novagen). More than three independent clones were 
isolated for each gene and sequenced using BigDye Terminator Cycle 
Sequencing Ready Reaction Kit and ABI PRISM 377 DNA Sequencer 
(Perkin-EImer). 

The 3' ends of cDNAs were amplified using 3' RACE System for 
Rapid Amplification of cDNA Ends (Gibco BRL). The 5' portions of 
cDNAs belonging to the FGFR, PDGFR, and Eph subtypes were am- 
plified by PCR using respective subtype-specific sense primers (SO) 
and gene-specific antisense primers. These amplified fragments were 
purified, subcloned, and sequenced in the same way as above. 



Sequence Alignment and Phylogenetic Tree Inference 

Alignments were made by the methods of Needleman and Wunsch 
(1970) and Berger and Munson (1991), together with manual inspec- 
tion. 

The method of phylogenetic tree inference we adopted here is an 
approximate method for inferring the maximum likelihood (ML) tree of 
protein phytogeny (Kishmo/et al. 1990). This method consists of per- 
forming rearrangement of topology fo^; a limited number of initial 
trees by the methods 9/ neares^^ (NNI; Swofford 

> C K*^£*^ and 



regr^ng (WR^ pipcedure is ; 
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-DrosopttBm DFR2 (X74031) 

Drosoph&M FGFR (D14976) 



Strongytocentrotus purpurmtu* FGFR (U 171 64) 



hum»n FGFR1 (X57121) 

'Xancpos FGFR1 (M61687) 

^00 ^-JtoMpcisXIFGFR (M55163) 
97 J""- human FGFR2 (X52832) 

XanofwsFGFR2(X65943) ' 
96 jt— human FGFR3 (M56051) 

Xenopwt FGFR3 (AB007035) _| 1 
74 1 human FGFR4 (X57205) 



FGFR1 



FGFR2 



FGFR3 



quail FREK (X768S5) 
Xenopus FGFR4b (ABO07O37) 
100 ^Xenopus FGFR 4a (AB007036 ) 
zebrafiah FGFR4 (U23839) 
hagflsh FGFR3/4a ffjMW ^W 

lamprey FGFR3/4 aEiaiwaacial 



FGFR4 



hagfta h FGFR3/4b 
amphioxua FGFR MshfefeMcMI 



0.1 substitutions/site 



Fig. 1. Maximum likelihood tree of FGFR 
subfamily. From a comparison of the kinase 
domain sequences, the tree was inferred by an 
approximate ML method described in Materials 
and Methods, using Drosophila FGFRs as an 
outgroup. The number at each branch node 
represents the local bootstrap probability estimated 
by the RELL method (Kishino et al. 1990; 
Hasegawa and Kishino 1994). Open circles, 
fish-tetrapod split or amphibian-amniote split; 
filled circle, cyclostome-gnathostome split; double 
circle, cephalochordate-vertebrate split; open 
rhombus, gene duplication that postdates the 
cyclostome-gnathostome split, but antedates the 
fish-tetrapod split; filled rhombi, gene duplications 
that antedate the cyclostome-gnathostome split; 
open boxes, gene duplications on the lineage 
leading to cyclostomes or Xenopus. Accession 
numbers of sequences are shown in parentheses; 
reverse letters, present work. 
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1. Based on the neighbor joining (NJ) method (Saitou and Nei 1987) 
using the distance matrix estimated by the ML method (Adachi and 
Hasegawa 1996). 4,000 tree topologies, including that inferred from 
actual alignment are generated by the bootstrap resampling proce- 
dure (Felsenstein 1985). 

2. For each of the 4.000 trees, the log -likelihood value is calculated by 
the ML method of protein phylogeny (Kishino et al. 1990; Adachi 
and Hasegawa 1996) based on the JTT model (PROTML version 
2.3 in Adachi and Hasegawa* s program package MQLPHY), and 
the top 40 trees are selected by log- likelihood criterion. 

3. The tree topology with the largest log-likelihood value (approximate 
ML tree) is searched through repeated local rearrangements (Adachi 
and Hasegawa 1996) by NNI for all the 40 trees obtained in step 2. 

4. To exclude a possibility that the approximate ML tree obtained in 
step 3 is local optimum, the approximate ML tree is subjected to 
further rearrangements by SPR. If no tree with log-likelihood value 
being larger than that of the approximate ML tree in step 3 is 
generated by SPR. the calculation procedure is completed. Alterna- 
tively if trees with larger log-likelihood value are obtained, the 
procedures in steps 3 and 4 are repeated for these trees. 

The local bootstrap probability (LBP) at each node of a tree was cal- 
culated by the RELL method (Kishino et al. 1990: Hasegawa and 
Kishino 1994). 



Results and Discussion 

Each of the animal gene families involved in cell-cell 
communication and developmental control diverged 
from one or a few ancestral genes during animal evolu- 
tion by gene duplications and domain shufflings. The 
family tree comprises several independent clusters cor- 
responding to different subtypes or subfamilies that di- 
verged before the ''divergence \bf'parazoans^an : d eumfeta- 

..zoans, the earliest & ~ 

(koyariagi et*!" 

:,:siga^^;^^s^^f 

-from 



cations (isoform duplications). These isoform duplica- 
tions have been completed until dates before the fish- 
tetrapod split (Miyata et al. 1994; Iwabe et al. 1996; Suga 
et al. 1997, 1999; Hoshiyama et al. 1998). 

To determine the divergence times of these isoforms 
more closely, we have conducted isolation and sequenc- 
ing cDNAs encoding the FGFR, Eph, sre, and PDGFR 
subtypes belonging to the PTK family from B. belcheri, 
E. burgeri, and L reissneri by the method described in 
Materials and Methods. Including these sequences, phy- 
logenetic trees of the four subfamilies have been inferred 
by the ML analysis described in Materials and Methods. 

Phylogenetic Tree ofTGFR Subfamily 

At least four distinct members (FGFR 1 -FGFR4) belong- 
ing to the FGFR subfamily have already been identified 
in gnathostomes, and they exhibit different tissue dis- 
tribution (Partanen et al. 1991). We have isolated two 
cDNAs from E. burgeri, one cDNA from L. reissneri, 
and one cDNA from B. belcheri, and their nucleotide 
sequences have been determined for regions encoding 
the kinase domain. The amino acid sequences encoded 
by these cDNAs were aligned with known FGFR se- 
quences for a highly conserved region corresponding to 
amino acid positions 491-780 in human FGFR1, for 
which unambiguous alignment is possible (alignment not 
shown)^ On uhe basis of the alignment comprising 270 
amino icid sites, excluding 'gap positions, a phylogentic 
.tree was .inferred FGFRs, as an 

voutgroup^ X 
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cephalochordate-vertebrate split. In the accompanying 
paper (Kuraku et al. 1999). we have shown thai lampreys 
and hagfishes form a monophyletic group (see also Stock 
and Whitt 1992; Mallatt and Sullivan 1998). The FGFR 
tree also supports the cyclostome monophyly: the hag- 
fish FGFR3/4a shows a close association with the lam- 
prey FGFR3/4, although the bootstrap probability is not 
significantly high. It is therefore likely that the hagfish 
FGFR3/4a and the lamprey FGFR3/4, together with the 
hagfish FGFR3/4b that was generated in the cyclostome 
lineage by gene duplication, are the cyclostome ho- 
mologs of vertebrate FGFR3 and FGFR4. Thus, Fig. 1 
suggests that, of the three gene duplications that gener- 
ated the four gnathostome FGFRs, two gene duplications 
antedate the cyclostome-ganthostome split, but the latest 
gene duplication that gave rise to FGFR3 and FGFR4 
occurred after the cyclostome-gnathostome split. 

Two more gene duplications were observed on Xeno- 
pus lineage (Fig. 1). Such gene duplications were also 
observed in other genes, which might be derived by very 
recent chromosomal duplications (Suga et al. 1997). The 
gene duplications on Xenopus lineage were also ob- 
served in Eph4 (Sek-l/Pag) and src (src- 1/2) (see below). 
We do not discuss further these recent gene duplications 
in Xenopus. In addition to the gene duplication in hagfish 
(FGFR3/4a and 3/4b), two more gene duplications were 
also observed in Eph subfamily (hagfish EphCl/2) and in 
PGDFR subfamily (lamprey kit-tike receptor A/B) (see 
below). Divergence of the hagfish EphCI and EphC2 
may have occurred by a very recent gene duplication, 
judging from the number (k^) of synonymous substitu- 
tion per site (Miyata and Yasunaga 1980); the value is 
only 0.67, which is comparable to the corresponding 
value (0.64 ± 0.18 on the average of 574 genes) between 
human and rodents (unpublished data). 



duplications occurred after the divergence of cephalo- 
chordates and vertebrates. The tree also shows that all 
gene duplications (represented by rhombi in Fig. 2) that 
gave rise to known Eph isoforms (EphAl-EphA8 and 
EphBl-EphB5) antedate the amphibian-amniote split or 
the fish-tetrapod split, as expected (Iwabe et al. 1996: 
Suga et al. 1997): for four gene duplications that gave 
rise to EphA3 and EphA5-EphA8. their divergence 
times are unknown. The hagfish EphA and the hagfish 
and lamprey EphBs are likely homologs of gnathostome 
EphA4 and EphB2/5. respectively: note that the cyclo- 
stome EphBs support the cyclostome monophyly. Of the 
14 gene duplications, excluding gene duplications on the 
Xenopus, zebrafish. hagfish, and amphioxus lineages 
(represented by open boxes), six gene duplications (filled 
rhombi) antedate the cyclostome-gnathostome split, and 
one gene duplication (open rhombus) postdates that split: 
for the remaining seven gene duplications (half-filled 
rhombi), the divergence times are unknown, although 
three antedate the fish-tetrapod split. It is therefore likely 
that, since the separation from cephalochordates, verte- 
brates created many Eph isoforms by gene duplications, 
most of which occurred at dates before the divergence of 
cyclostomes and gnathostomes. 

In addition to jrene duplications on Xenopus and cy- 
clostome lineages (see above), one gene duplication was 
observed in each of the amphioxus and zebrafish lin- 
eages (Eph 1/2 and rtk5/8. respectively). The amphioxus 
Ephl and Eph2 might diverged recently, judging from 
the k^ value (0.79) between them. One more example of 
gene duplication (src-like protein A/B) on amphioxus 
lineage was found in the src subfamily (see below). 

Phylogenetic Tree of $>vc Subfamily 



Phylogenetic Tree of Eph Subfamily 

A similar analysis was carried out for Ephs, members of 
the PTK family. At least 13 gnathostome Ephs have been 
identified to date (Flanagan and Vanderhaeghen 1998); 
because EphB6 is highly divergent and the structure is 
unusual, this member was excluded from all the analyses 
(Matsuoka et al. 1997). We have isolated four cDNAs 
from E. burgeri, two cDNAs from L reissneri, and two 
cDNAs from B. belcheri, and their nucleotide sequences 
have been determined for regions encoding the kinase 
domain. The amino acid sequences of the cyclostome 
and amphioxus Ephs were aligned with those of known 
Ephs for regions corresponding to amino acid positions 
632-973 in human EphBl. On the basis of the alignment 
of 306 sites in total, excluding gap sites, a phylogenetic 
tree of Eph subfamily was inferred, using nematode and 
sponge Ephs as an outgroup (Fig. 2). 

The phylogenetic tree of Fig. 2 shows that all gene 



We have isolated three cDNAs from E. burgeri, two 
cDNAs from L. reissneri, and two cDNAs from B. 
belcheri and compared these sequences with known se- 
quences belonging to the src subfamily. On the basis of 
the sequence alignment for regions corresponding to the 
amino acid positions 292-53 1 in human src (238 amino 
acid sites total, excluding gap sites), a phylogenetic tree 
of src subfamily was inferred, using hydra and sponge 
src-related sequences as an outgroup (Fig. 3). The hag- 
fish src-like protein C might be orthologous to the gna- 
thostome srcs. The hagfish and lamprey src-like protein 
As are possibly paralogous, if the cyclostome monophyly 
is correct, and the former is the ortholog of human Ick. 
There is, however, still a possibility that the two cyclo- 
stome sequences form a cluster. 

The ML tree revealed that all gene duplications (rep- 
resented by rhombi in Fig. 3) that gave rise to known 
isoforrn genes belonging to the src subfamily postdate 
me .CephalcKhordate-vertebrate split, but antedate the 
ampliibian^amhibte split or the fish-tetrapod split. The 
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human EphA7 (L36642) 
chicken EphA7 (Y14271) 
human EphAS (X95425) 
chicken EphAS (U03910) 
tOO j- human EphA3 (M63941) 
I— i 




human EpnA1 (227409) ^EphAI 
human EphA2 (MSS371) "I EpnA2 

— xebraflah rtkB (AJ005027) J 
— — mouse EphAS (U72207) ] EphAS 
mouae EphAS (U56332) ] EphA6 
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] EphAS 
^EphA3 

] 



chicken EphA3 (M68514) 
human EphA4 (L36645) 
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* I hagfUh EphA wjaiwaaii^ 

I zebrafiah xelrf (U89295) 

- chicken EphBS ( U23783) 
; human EphB2 (L41939) 

• Xenopu a EphB2 (AF02 6039) 
-hagfiahEphB r"" ,WiCTtilM 

— flm&w 



EphA4 



3 EphBS 
EphB2 
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EphB1 
EphBS 



It 

108 jt— human EphB1 0-40636) 
XanopuaXetk(iA3G2^ 
human EphB3 (X75208) 
Xenopua TCK(L43620) 
1W jr— human EphB4(U07695) 

zebrafiah rt*5 (AJ0O5026) 
zebrafiah rt*3 (AJ005029) 

hagflah EphC1 

hagfish EphC2 
lamprey EphC 
amptiloxua Ephl 



(AB025S39) 



(AB025540) 



amphioxua Eph2 

nematode Eph-llke 



sponge EpMike 



^EphB4 



0.1 substitutions/site 



Fig. 2. Maximum likelihood tree of Eph 
subfamily. From a comparison of the kinase 
domain sequences, the tree was inferred by an 
approximate ML method described in Materials 
and Methods, using nematode and sponge Eph-like 
sequences as an outgroup. The number at each 
branch node represents the local bootstrap 
probability estimated by the RELL method 
(Kishino et al. 1990; Hasegawa and Kishino 
1994). Open circles, fish-tetrapod split or 
amphibian-amniote split; filled circles, 
cyclostome-gnathostome split; double circle, 
cephalochordate-vertebrate split; filled rhombi, 
^ene duplications that antedate the 
cyclostome-gnathostome split; open rhombus, 
gene duplication that postdates the 
cyclostome-gnathostome split, but antedates the 
amphibian-amniote split; half-filled rhombi, gene 
duplications whose divergence times are unknown; 
open boxes, gene duplications on the lineage 
leading to cyclostomes, Xenopus, fish, or 
cephalochordates. Accession numbers of sequences 
are shown in parentheses; reverse letters, present 
work. 



seven gene duplications out of 10 antedate the cyclo- 
stome-vertebrate split; for the remaining three, their di- 
vergence times are unknown. 

Phylogenetic Tree of PDGFR Subfamily 

We have isolated two cDNAs from E. burgeru two 
cDNAs from L. reissneri. and one cDNA from B. 
belcherL These sequences were aligned with those re- 
ported to date for regions corresponding to the amino 
acid positions 606-953 in human PDGFctR (245 amino 
acid sites total, excluding gap sites). Figure 4 shows the 
ML tree inferred by using human, purple urchin, and 
Drosophila FGFRs as an outgroup. According to Fig. 4, 
the hagfish kit-Wke receptor and the lamprey Mr-like re- 
ceptor A support the cyclostome monophyly, although 
the bootstrap probability is not high enough. Unlike the 
above three subfamilies, the deepest gene duplication 
antedate the cephalochordate-vertebrate split. Because 
the group of five isoforms, PDGFo/pR, Flt3, CSF-1R, 
and c-kit. has five immunoglobulin (Ig)-like repeats in 
the extracellular region, whereas the group of VEGFR, 
FLT4, and Flkl has seven Ig-iike .repcats^van;der Gcer ^ 
et al. 1994) v itremate 
; rate subfamilies.^ 



duplications that gave rise to distinct isoforms antedate 
the cyclostome-gnathostome split. 

Bootstrap Analysis for Estimating the Number of 
Isoform Duplications 

The above phylogenetic analyses of the four subfamilies 
provides clear evidence that most if not all isoform du- 
plications occurred in a period between the cephalochor- 
date-vertebrate split and the amphibian-amniote split. It 
is, however, not obvious whether the majority of isoform 
duplications predate or postdate the cyclostome- 
gnathostome split. This may be due to simultaneous iso- 
form duplications around the cyclostome-gnathostome 
split, judging from the short branch lengths and the low 
bootstrap probabilities around that split on trees. It is 
therefore necessary to estimate the number of isoform 
duplication on a solid statistical basis. For this purpose, 
we carried out a bootstrap analysis similar to that de- 
scribed previously (Suga et al, 1997). Based on the stan- 
dard bootstrap procedure (Felsenstein 1985), we gener- 
ated 100 ML trees with the largest ^ log-likehood value by 
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Fig. 3. Maximum likelihood tree of sre 
subfamily. From a comparison of the kinase 
domain sequences, the tree was inferred by an 
approximate ML method described in Materials 
and Methods, using hydra and sponge sequences 
as an outgroup. The number at each branch node 
represents the local bootstrap probability estimated 
by the RELL method (Kishino et al. 1990: 
Hasegawa and Kishino 1994). The dotted arrow 
means that the swordtail sre is the outgroup of the 
human and Xenopus sres. when their complete 
sequences are compared. Open circles, 
fish-tetrapod split or amphibian— amniote split: 
filled circles, cyclostome-gnathostome split; 
double circle, cephalochordate-venebrate split: 
filled rhombi. gene duplications that antedate the 
cyclostome-gnathostome split: half-filled rhombi. 
gene duplications whose divergence times are 
unkrfbwn; open boxes, gene duplications on the 
lineage leading to Xenopus or cephalochordates. 
Accession numbers of sequences are shown in 
parentheses: reverse letters, present work. 
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Fig. 4. Maximum likelihood tree of PDGFR 
subfamily. From a comparison of the kinase domain 
sequences, the tree was inferred by an approximate 
ML method described in Materials and Methods, 
using human, purple urchin, and DrosophUa FGFR 
sequences as an outgroup. The number at each branch 
node represents the local bootstrap probability 
estimated by the RELL method (Kishino et al. 1990: 
Hasegawa and Kishino 1994). Open circles, 
fish-tetrapod split or amphibian-amniote split: filled 
circles, cyclostome-gnathostome split; double circle, 
cephalochordate-venebrate split; filled rhombi, gene 
duplications that antedate the cyclostome-gnathostome 
split; half-filled rhombi, gene duplications whose 
divergence times are unknown. Data on chromosomal 
mapping of human genes were taken from van der 
Geer et al. (1994). Accession numbers of sequences 
are shown in parentheses; reverse letters, present 
work. 



took place at dates before and after the cyclostome- 
gnathostome split were counted (designated as N b and 
N af respectively). 

Table 2 shows the results of the four subfamilies, 
together with those of the other three protein groups. In 
the seven gene ^upsjwc^ 
larger than N.; me formeos^ 



than the latter, on the average. Since the value of N a is 
not negligibly small, Jt <a j^y^ 'reasonable to conclude 
that extensive isofpm^dupiic^ in a limited 

period around or ju^t!^ of cyclo- 

stomes and gnathostornes.<> '^M^A^^^ x ? 
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Table 2. The numbers of isoform duplications in evolutionary peri- 
txls before and after the divergence of cyclostomes and gnathostomes 





N b 


N a 


Nt/N a 


PTK subfamily 








FGFR 


2.6 ± 1.2 


1.3 ± 10 


2.0 


Eph 


6.5 ± 1.4 


2.3 ± 1.8 


2.8 


src 


7.2 ± 1.4 


1.7 ± 1.5 


4.2 


PDGFR 


3.9 ± 1.1 


0.8 ± 0.9 


4.9 


Other proteins 








Aldolase 


1.3 ±0.9 


t.2±0.9 


l.l 


Enolase 


2.1 ±0.9 


l.t ± 1.0 


1.9 


Complements 


2.4 ± 0.5 


0.1 ±0.3 


24 


Total 


26.0 


8.5 


3.1 



N b and N a , the numbers of isoform duplications that occurred at dates 
before and after the cyclostome-gnathostome split, respectively. Iso- 
form duplications whose divergence times are unknown were excluded 
from the calculations of N b and N,. For the calculation procedures, see 
text. Complements, gene groups encoding the complement components 
C3. C4. and C5. For the phylogenetic trees of three gene groups in other 
proteins, see the accompanying paper (Kuraku et al. 1999). 
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lies involved in the signal transduction and developmen- 
tal control, we recently showed that most subtype 
duplications that gave rise to different subfamilies with 
diverse functions had been completed before the para- 1 
zoan-eumetazoan split, the earliest divergence of extant 
animal phyla (Suga et al. 1997, 1999; Koyanagi et al. 
1998a, 1998b; Hoshiyama et al. 1998; Ono et al. 1999). 
These results suggest that the Cambrian explosion, the 
burst of diversification of the major group of animal 
phyla at the Cambrian/Vendian boundary (Conway Mor- 
ris 1993), has been accomplished without creating fur- 
ther new genes. Thus, the molecular mechanism of the 
Cambrian explosion should be understood based on 
mechanisms that could generate organismal diversity by 
utilizing or recruiting preexisting genes, but not by cre- 
ating new genes with novel functions. 
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(Ohno 1970; Lundin 1993; Rousset et al. 1995; Bailey et 
al. 1997; P6busque et al. 1998; Amores et al. 1998). 
From a structural and phylogenetic analysis of PDGFR 
subfamily, together with the chromosomal mappings of 
the family members, Rousset et al. (1995) suggested that 
the present-day PDGFR subfamily diverged by gene du- 
plications and chromosomal duplications, although it is 
generally difficult to infer the chromosomal duplication 
events on ancient lineages because of frequent translo- 
cation and deletion events during evolution. Figure 4 
supports the argument by Rousset et al. (1995). Accord- 
ing to Fig. 4, PDGFR subfamily comprises three separate 
groups, PDGFa/pR group, CSF-1R group (Flt3/Flk2, 
CSF-1R, and c-kit), and VEGFR group (VEGFR, FLT4, 
and Flki/KDR), which were generated by the first and 
second gene duplications. Each group has two more iso- 
form duplications, which gave rise to three different iso- 
forms (in PDGFot/pR group one member might be de- 
leted during evolution). Their chromosomal locations on 
the human genome differ in the same group, but coincide 
to each other between different groups. It is therefore 
likely that two chromosomal duplications are responsible 
for the two isoform duplications in each group. 

In conclusion, after the separation from cephalochor- 
dates, vertebrates evolved a variety of tissue-specific 
genes with virtually identical structure and function in 
each subfamily in a limited period around or just before 
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SUMMARY 

During development of the vertebrate hindbrain regula- 
tory gene expression is confined to precise segmental 
domains. Studies of cell lineage and gene expression suggest 
that establishment of these domains may involve a dynamic 
regulation of cell identity and restriction of cell movement 
between segments. We have taken a dominant negative 
approach to interfere with the function of Sek-1, a member 
of the Eph-related receptor tyrosine kinase family 
expressed in rhombomeres r3 and r5. In Xenopus and 
zebrafish embryos expressing truncated Sek-1, lacking 
kinase sequences, expression of r3/r5 markers occurs in 



adjacent even-numbered rhombomeres, in domains con- 
tiguous with r3 or r5. This disruption is rescued by full- 
length Sek-1, indicating a requirement for the kinase 
domain in the segmental restriction of gene expression. 
These data suggest that Sek-1, perhaps with other Eph- 
related receptors, is required for interactions that regulate 
the segmental identity or movement of cells. 



Key words: segmentation, rhombomere, Sek-1, Eph. cell-cell 
interactions, community effect, zebrafish, Xenopus 



INTRODUCTION 

In many animal phyla, certain tissues are subdivided during 
embryogenesis into repeated morphological units, or segments, 
that then differentiate to generate a series of homologous struc- 
tures. The molecular mechanisms underlying segmentation are 
best understood in the Drosophila embryo. In this system, the 
embryo is subdivided into presumptive segments at syncytial 
stages by a cascade of interactions between genes encoding 
transcription factors. This cascade establishes the expression 
of short-range signalling molecules in adjacent cells at the 
parasegment border, and these signals regulate the positional 
identity of neighbouring cells, as marked by segmental gene 
expression, and stabilise the boundary region (reviewed by 
Ingham and Martinez Arias. 1992; DiNardo et aL 1994). In 
contrast, little is known regarding the molecular mechanisms 
regulating the positional identity of cells during segmentation 
in the vertebrate embryo. 

In recent years it has been shown that segmentation occurs 
in the vertebrate hindbrain and underlies the specification of 
nerves (Metcalfe etal.. 1986: Hanneman et ah, 1988; Lumsden 
and Keynes. 1989; Clarke and Lumsden. 1993) and of neural 
crest cells migrating to the branchial arches (Noden. 1983. 
1988; Lumsden et al.. 1991: Serbedzija et al.. 1992: Sechrist 



et al., 1993). A molecular correlate of this cellular patterning 
is provided by the segment-restricted expression domains of 
genes, including Krox-20 and Hox genes, encoding transcrip- 
tion factors required for the formation or the anterior-posterior 
(A-P) specification of segments (reviewed by McGinnis and 
Krumlauf, 1992; Wilkinson, 1993). For example, the Krox-20 
gene, required for r3 and r5 formation (Schneider-Maunoury 
et al., 1993), is up-regulated in the early neural plate prior to 
segmentation in two fuzzy domains that then become progres- 
sively sharper and restricted precisely to definitive r3 and r5 
(Wilkinson et al., 1989; Nieto et aL, 1991; Irving et aL, 1995). 
This raises the question as to how the fuzzy expression 
domains are sharpened to become segment-restricted. 

Studies in the chick embryo provide evidence for cellular 
mechanisms that might underlie the segmental restriction of 
gene expression. Transplantation experiments indicate that a 
regional specification of presumptive r4 occurs prior to seg- 
mentation (Guthrie et aL, 1992). However, the clonal progeny 
of a single neuroepithelial cell labelled before segmentation 
disperse widely and frequently contribute to more than one 
segment (Fraser et aL, 1990). After boundary formation most 
clonal progeny are confined to a single rhombomere (Fraser et 
aL, 1990). but even at this stage some contribute to an adjacent 
segment (Birgbauer and Fraser, 1994). A potential mechanism 
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for the restriction of cell movement is indicated by the rinding 
that cells from r3 and rf> mix more readily with each other than 
they do with cells from r2. r4 and r6 (Guthrie et al.. 1993). 
Similarly, cells from r2, r4 and r6 are more miscible with each 
other than they are with r3 or r5. Cell adhesion properties that 
alternate between rhombomeres may therefore restrict celt 
movement across boundaries, and cell sorting could contribute 
to the sharpening of gene expression domains. However, since 
individual cells are not irreversibly committed to a specific 
rhombomere there must also be a dynamic regulation of the 
segmental identity of cells. 

Based upon the critical roles of receptor tyrosine kinases 
(RTKs) in transducing signals that regulate cell fate in other 
systems (reviewed by Pawson and Bernstein, 1990: Dickson 
and Hafen, 1994; van der Geer et al., 1994), genes mediating 
cell-cell interactions during hindbrain segmentation might be 
found among the RTK superfamily. Indeed, in recent work, we 
and others have identified a number of RTKs segmentally 
expressed in the hindbrain that are members of the £/?fr-related 
family. £p/?-related genes make up the largest known family 
of RTKs and their expression in the developing and mature 
CNS suggests potential roles in neural development and 
function (for review see van der Geer et al., 1994). However, 
little is known regarding the roles of Eph-related RTKs. 
Recently, several ligands have been identified and shown to 
constitute a family of structurally related proteins, all anchored 
in the plasma membrane, either via a transmembrane domain 
or a glycosylphosphatidyl inositol linkage (Bartley et al., 1994; 
Beckmann et al., 1994; Cheng and Flanagan, 1994; Davis et 
al., 1994). It is therefore likely that Eph-related RTKs mediate 
cell contact-dependent signalling. 

Studies of £/?/i-related RTKs in the mouse have shown that, 
in addition to expression elsewhere in the early embryo, Sek- 
1 (Nieto et al., 1992) and Sek-2/eck (Becker et al., 1994; Ganju 
et al., 1994; Ruiz and Robertson, 1994) are up-regulated in the 
hindbrain prior to segmentation, in pre-r3 plus pre-r5 and in 
pre-r4, respectively. In contrast, expression of Sek-3/nuk 
(Becker et al., 1994; Henkemeyer et al., 1994) and Sek-4 
(Becker et>al., 1994) is restricted to r3 plus r5 later, after seg- 
mentation. Three £/j/i-related zebrafish genes, rtkl-3 (Xu et al.. 
1994), also have segmental expression in the hindbrain (Q.X. 
and N.H., unpublished observations). These studies suggest 
that several members of the Eph family have segment- 
restricted roles in transducing signals, possibly cell contact- 
dependent, during hindbrain patterning. 

To analyse the function of Sek- 1 protein in the hindbrain we 
have taken a dominant negative approach. We find that 
microinjection of RN A encoding truncated Sek- 1 receptor into 
Xenopus and zebrafish embryos leads to disruption of the 
spatial restriction of r3/r5 gene expression in the hindbrain. 
These data suggest that Sek-K perhaps together with other 
Eph-related RTKs, mediates interactions that are required for 
the segmental restriction of gene expression, and we discuss 
possible roles of Sek-1 in this restriction. 



MATERIALS AND METHODS 

Cloning and sequencing of Sek-1 cDNAs 

A neurula-stage Xenopus cDNA library was screened at high strin- 
gency (0.2x SSC. 6(TC) with a probe including the kinase domain of 



mouse Sek-1. Positives were picked. Mibcloned into Bluescripi. and 
sequenced usin<j the dideo.\> cha-ri termination method, either with 
fragments generated by exonucle^e deletion or using oligonu- 
cleotides corresponding to pre\i>-u4> determined sequence. 

Generation of RNA encoding full-length and mutant Sek-1 

Sequences were subcloned into pSP64TK. a derivative of pSP64T 
(which flanks the coding region u ith p-globin untranslated sequencer 
Krieg and Melton. 1 984) modified to include a Kozak consensu 
sequence at the initiation codon. which is within an Nco\ site, and stop 
codons in all three frames immediately downstream from the coding 
sequence. The truncated mouse Seh-1 sequences correspond to a \co\- 
BamHl fragment, and the truncated XSek-I sequences correspond to 
an Nco\-Dra\ fragment. Both of these fragments start at the initiation 
codon and terminate just downstream from the transmembrane 
domain (as indicated in Fig. I i. Capped RNA was synthesised by the 
in vitro transcription of linearised plasmids (Moon and Christian. 
1989). dissolved at 1 (ig/|il and stored in aliquots at -70 C. The sizes 
of the encoded polvpeptides were analysed by in vitro translation with 
rabbit reticulocyte'lysate (Promeeai and gel electrophoresis. Immedi- 
ately before use* for microinjection an aliquot of RNA was mixed with 
10 (ig/|il lysinated rhodamine dextran (LRD) in a 4:1 ratio. 

Microinjection of Xenopus and zebrafish embryos 

Fertilised and dejellied (Smith and Slack. 1983) Xenopus eggs were 
equilibrated with 49c Ficoll in ?/4 NAM at least 5 minutes betore 
injection 5-10 nl of RNA/LRD mixture was microinjected into fer- 
tilised Xenopus embryos (Moon and Christian. 1989). either at the one 
cell stage or into one cell at the two cell stage. In pilot experiments 
we found it necessary to inject 5-10 ng RNA in order to obtain phe- 
notypes, and that at mid-neurula stages the concentration of residual 
injected RNA was similar to thai of endogenous XSek-i transcripts. 
Embryos were gradually equilibrated with 1/10 NAM 6 hours after 
injection (prior to gastrulation .. and harvested at various neurula 
stages by manually removing the vitelline membrane and fixing 
overnight in MEMFA. 

Zebrafish embrvos were produced by natural spawning and 
microinjected at the two cell stage using a glass capillary needle 
attached to a Picospritzer. Approximately 0.3-1 ng of RNA was 
injected and embryos were allowed to develop to various neurula 
stages before fixation in 4<> paraformaldehyde in PBS. Manual 
dechorionation was carried out before in situ hybridisation or 
immunocytochemical analysis. 

Whole-mount in situ hybridisation and 
immunocytochemistry 

The analysis of Xenopus embrvos by whole-mount in situ hybridisa- 
tion was carried out essentially as described by Harland ( 1 99 1 ). except 
that the post-hybridisation RNAse treatment was omitted. The Xkrox- 
20 probe has been described previously (Bradley et al.. 1992). The 
XSek-l probe is a 2.6 kb fragment including extracellular domain and 
kinase domain sequences. An identical pattern is observed using a 
probe against 3' untranslated sequences, but this short probe gave 
weaker signals. Whole mount in situ hybridisation and immunocyto- 
chemistry^of zebrafish embryos was performed as described (Xu ei 
al 1994). using krx20 (Oxtobv and Jowett. 1993) or rtkl (Xu et al.. 
1994) probes, or anti-Pax6 (Macdonald et al.. 1994) antibody. In order 
to examine segmental expression patterns in detail. Xenopus or 
zebrafish embryos were partially dissected such that the hindbrain 
could be mounted under a coverslip. either in a dorsal or lateral view 

Retrograde tracing of reticulospinal neurons 

Retrograde tracing with LRD was carried out as described by Hill ci 
al. (1995) except That low melting temperature agarose in l() r /r Hank > 
saline was used to immobilise the embryos. 
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RESULTS 

Cloning of Xenopus and zebrafish orthologues of 
Sek-1 

We cloned the Xenopus orthologue of Sek-I by screening a 
neurula-stage cDNA library with a probe corresponding to the 
tyrosine kinase domain of mouse Sek-I. Sequence analysis 
revealed an open reading frame with high sequence identity to 
mouse Sek-l (Fig. lA). Sequence comparisons also showed a 
strong identity with Cek8. the chick orthologue of Sek-L but 
less similarity with Ehk-L Ehk-2 and Hek, the £/>//-related 
genes most closely related to Sek-I (Fig. IB). Taken together 
with the similarity between the expression pattern of this gene 



in Xenopus and Sek-I in mouse (see below), these data indicate 
that we have cloned the Xenopus orthologue of Sek-L which 
we designate XSek-f. While our functional studies were in 
progress, a very similar cDNA. named Pag. was reported 
(Winning and Sargent. 1994); Pag and XSek-I are probably 
polymorphic alleles of the same gene, perhaps reflecting the 
tetraploidy of the Xenopus laevis genome. 

In earlier studies, zebrafish cDNA clones related to Sek-I 
were isolated by screening of a neurula-stage library with 
sequences from the tyrosine kinase domain of XSek-I (Xu et 
aL 1 994). As previously described, partial sequencing and the 
expression pattern indicates that one of these, named rikl, cor- 
responds to the zebrafish orthologue of Sek-I. 
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Fig. 1. Amino acid sequence of XSek-I. (A) The 
deduced amino acid sequence of XSek- 1 is shown 
aligned with mouse Sek-1. The signal peptide and 
transmembrane domain are indicated by double 
underlining, and the kinase domain by single 
underlining. The C termini of the truncated proteins 
encoded by the constructs used in this study are 
indicated with an arrow. <B> The percentage amino 
acid sequence identity between Eph-related RTKs 
most closely related to XSek-1 is tabulated. These 
genes are more closely related to each other than they 
are to any other published Eph-related RTKs. 
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Developmental regulation of Sek-1lrtk1 in the 
Xenopus and zebrafish hindbrain 

To characterise the expression patterns of Sek-I ortholoeues in 
Xenopus and zebrafish embryos we carried out whole mount 
in situ hybridisation analysis. Many, but not all. aspects of Sek- 
1 expression found in the mouse (Nieto et aL. 1992) are 
conserved in Xenopus. including expression in early mesoderm 
and the notochord (not shown). r3. r5. and neural crest adjacent 
to r5 (Fig. 2A-F), the otic placode (Fig. 2D), the forebrain and 
the olfactory placode (Fig. 2A.B). In the hindbrain. XSek-1 
transcripts are first detected at stage 14 in presumptive r3, and 
by stage 14.5 have been up-regulated in presumptive r5 (Fig. 



2A). Expression is detected in neural crest adjacent to pre-r5 
just prior to expression in pre-r5 itself, as seen in embryos with 
a slight asynchrony in development between left and right (Fig. 
2aC At stages 15-16. XSek-1 expression is not sharply 
restricted and low levels of transcripts are detected in pre- 
sumptive r4 (Fig. 2B.C). By stage 20 the expression domains 
have become precisely restricted to r3 and r5. with a lower- 
level domain in r2 (Fig. 2D.E). Neural crest cells expressing 
XSek-1 migrate into the third branchial arch (Fig. 2D). Whereas 
XSek-1 transcripts persist in r3 and r5. expression in r2 is 
transient, and a third, more rostral stripe of Sek-1 expression 
appears in the dorsal part of rl between stages 31-33 (Fig. 2F). 




H 






Fig. 2. Expression patterns of XSek-1 and nkl in the developing hindbrain. (A-F) The expression pattern of XSek-1 dunng Xeno,ms 
development was analysed by whole mount in situ hybridisation. Photographs were taken of either cleared whole c ^^^TlL°l^x\a n 
neural epithelium after mounting under a coverslip (B.C.E). (A) Stage 14.5. (B) Rostral neural epithelium at stage 15. C) Higher magn fixation 
view of hindbrain at stage 1 5. (D) Stage 20. (E, Hindbrain at stage 20. (F) Stage 33. (G-l) The expression pattern ot nkl during zebrahsh 
development was analysed by whole mount in situ hybridisation. Photographs from a dorsal view were taken after mounting of the hindbrain 
under a coverslip. (G) 1 1.5 h. (H) 17 h. (I) 24 h. r. rhombomere: fb. forebrain: nc. neural crest: ol. olfactory placode: ot. otic placode: p. 
pronephros. Scale bars. 50 |im. 



Ill zebrafish. nkl is expressed in a similar pattern in 
mesoderm, the h Midbrain, otic placode and forebrain as Sek-/ 
in higher vertebrates (Fig. 2G-I: Macdonald et al.. 1994: Xu et 
aL 1994). In the hindbrain. nkl expression is up-regulated in 
pre-r3 at I Oh ( 10 hours of development: not shown), and then 
in pre-r5 at I 1 .5h (Fig. 2G). These expression domains become 
sharply restricted to r3 and v5 at 14h. and at I7h low levels of 
transcripts are also detected in r2 (Fig. 2H>. Expression in r2 
is transient, whereas transcripts continue to be expressed in r3 
and r5. A third, narrow stripe of rtki expression appears in rl 
at 24h (Fig. 21). 

These studies indicate that in Xenopus and zebrafish. as in 
higher vertebrates, expression of Sek- J I nkl occurs in r3. r5 and 
transiently at lower levels in r2. However, the later expression 
in rl in zebrafish and Xenopus does not occur in the mouse. 

Strategy to interfere with Sek-1 function 

We investigated the function of Sek-1 by taking a dominant 
negative approach analogous to that used to study the role of 
signalling through the FGF. activin and BMP4 receptors in the 
Xenopus embryo ( Amaya et al.. 1991 ; Hemmati-Brivanlou and 
Melton. 1992: Graff et aL. 1994). Receptor kinases are 
activated by a ligand-induced dimerisation of receptor leading 
to trans-phosphorylation and activation of the intracellular 
catalytic domain (Ullrich and Schlessinger. 1990). Activation 
can therefore be disrupted by the over-expression of truncated 
receptor, comprising the extracellular and transmembrane 
domains, but lacking kinase function. Upon binding of the 
ligand this truncated receptor is capable of dimerising^with the 
endogenous receptor to form a complex that, because of the 
absence of kinase function, cannot activate the catalytic 
domain of the endogenous protein (Amaya et al.. 1991- Ueno 
et al.. 1991. 1992). 

To interfere with Sek-1 function, we cloned sequences 
encoding truncated mouse and Xenopus Sek-1 (see Fig. 1 ) into 
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a modified version of the pSP64T vector (Krieg and Melton, 
1984). from which capped RNA can be transcribed. A 
construct to provide a negative control for any non-specific 
effects of RNA injection was generated by introducing a frame 
shift mutation 3' to the signal peptide sequence of truncated 
Sek- 1. In vitro transcription and translation confirmed that 
polypeptides of the predicted length are encoded by these 
sequences (data not shown). These reagents allowed us to 
ascertain whether there is any difference in the effects of 
expressing, in Xenopus embryos, truncated mouse Sek-1, 
compared with the homologous truncated XSek-1. Full-length 
nkl sequences have not yet been obtained, so expression of 
homologous truncated receptor has not been carried out in the 
zebrafish embryo. 

Truncated Sek-1 disrupts segmental gene 
expression in the Xenopus hindbrain 

RNA encoding truncated mouse or Xenopus Sek- 1 was 
microinjected together with lineage tracer into Xenopus 
embryos, either at the l cell stage, or into one cell at the 2 cell 
stage; the latter injections provide an internal comparison of 
any phenotype generated because the injected RNA is present 
only in the left or right half of the embryo. Detection of this 
RNA revealed a uniform distribution at higher levels than 
endogenous Sek-1 RNA within the injected half at early-mid 
neurula stages (not shown). Embryos were fixed at neurula 
stages and analysed by in situ hybridisation with XKrox-20, a 
molecular marker of r3 and r5 identity. 

During normal development, XKrox-20 expression is up- 
regulated first in pre-r3 at stage 14 and then in pre-r5 at stage 
14.5, and by stage 17 has become sharply restricted to r3 and 
r5 (Bradley et al., 1992). Following the injection of RNA 
encoding truncated Sek-1 receptor into Xenopus embryos, an 
altered pattern of XKrox-20 gene expression was observed in 
12% (15/124) of embryos analysed at neurula stages. We 
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B C JlWmp Fig. 3. Effect of 

truncated Sek- 1 on 
XKrox-20 gene 
expression in the 
Xenopus hindbrain. RNA 
encoding truncated Sek-1 
was microinjected into 1 
cell of 2 cell Xenopus 
embryos, so that one half 
of the embryo received 
injected RNA. The 
embryos were allowed to 
develop to various 
neurula stages and fixed. 
in situ hybridisation was 
then carried out to 
analyse the expression 
pattern of XKrox-20. a 
molecular marker of r3 
and r5. Photographs were 
taken of the mounted 
hindbrain. 

(A) Uninjected half of 

c .- , . stage 14 embryo, 

ryo. (C) Stage \> embryo: the injected half is on the left. (D-F) Stage 16 embrvos. with injected RNA present 
r- rhombomere. The arrowheads indicate .YA'mv-20-expressing cells in even-numbered rhombomeres. Scale 
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observed similar phenotypes when RNA encoding truncated 
Xenopus (Fig. 3B.F) or mouse (Fig. 3C-E) Sek- 1 was injected, 
and in embryos injected at the 2 cell stage, the affected side 
always correlated with the presence of co-injected lineage 
tracer. At stage 14. the pre-r3 expression domain of XKrox-20 
forms a narrow band (Fig. 3A). whereas after injection of RNA 
encoding truncated receptor some expressing cells encroach 
into the adjacent non-expressing territory (Fig. 3B). At stage 
15, after the up-regulation of pre-r5 expression, a similar 
encroachment of cells expressing XKrox-20 into presumptive 
even-numbered rhombomeres is observed in the injected, but 
not the control half embryo (Fig. 3C). At later stages, coherent 
groups of cells expressing XKrox-20 are observed extending 
from r3/r5 into adjacent even-numbered territory (Fig. 3D-F). 

Truncated Sek-1 disrupts segmental gene 
expression in the zebrafish hindbrain 

Although it was unclear why, despite the uniform over- 
expression of truncated Sek-l, disruption occurred only in a 
low proportion of embryos, these results suggest that Sek- 1 
function is required for the segmental restriction of gene 
expression to r3/r5 in Xenopus. To examine whether this 
function is conserved in a different vertebrate class, we carried 
out analogous experiments in the zebrafish. RNA encoding 
truncated Xenopus or mouse Sek-l was microinjected into l 
cell of the 2 cell zebrafish embryo. At early blastula stages, 
cleavage is initially partial so RNAs could diffuse between 
cells, but in pilot experiments we nevertheless observed a 
mosaic inheritance of the injected RNA (data not shown). 
Injected embryos were allowed to develop to various neurula 
stages, fixed and then analysed by in situ hybridisation with 
rtkl or krx20 probes, as markers of r3/r5. The rtkl probe cor- 
responds to 3' untranslated sequences not present in the 
injected Sek-l RNA. 

At early neurula stages (I4h), shortly after the onset of rtkl 
and krx20 expression, >5Q9c of embryos expressing truncated 
Sek-l or XSek-l receptor had major disruptions to the spatial 
restriction of krx20 expression. In contrast to normal embryos, 
in which krx20 expression occurs in parallel, narrow bands 
(Fig. 4A; Oxtoby and Jowett, 1993). in embryos expressing 
truncated receptor these domains are irregular in shape, and 
often overlap (Fig. 4B,C). Similar severe disruptions are also 
observed when rtkl expression is used as a marker (not 
shown). We observed no difference between truncated mouse 
or Xenopus Sek-l in their effects at this or later stages. Analysis 
of 18-24h embryos, when in normal development r3/r5 gene 
expression has become sharply restricted (Fig. 4D), revealed 
disruptions to rtkl or krx20 expression in 55% (41/74) of 
embryos, and these fell into two classes of phenotypes (Fig. 
4E-L). In 65% (27/41) of the affected embryos, cells were 
observed extending from an apparently normal r3/r5 
expression domain into the adjacent r2 or r6 territory (Fig. 
4E,F). 35% (14/41) of the affected embryos showed a more 
drastic phenotype, with an apparent fusion between r3 and r5, 
as seen in dorsal views (Fig. 4G,H,J) and sections (Fig. 41). In 
many of these embryos the shape of r3 or r5 is altered, for 
example with one side narrower than normal (Fig. 4H.I). In all 
cases, cells ectopically expressing r3/r5 markers were not 
isolated, but formed coherent and sharply restricted popula- 
tions intruding into even-numbered territory. Lateral views 
revealed that in both classes of embryos, the ectopic gene 



Tabic 1. Rescue of disruption in the zebrafish hindbrain 
by full-lengtn Sek-l 

Amount RNA injected 



Truncated Hull length Number a fleeted r < affected 



I 0 I.V24 54 

I I ft/ 1 7 35 

I : I1/4N 23 

0.5 0 IW30 53 

0.5 0.5 S/24 

0.5 I 3/M 21 

0.5 2.5 0/35 0 



RNA encoding truncated Sek-l \\a> mixed with varum* amount ot RNA 
encoding full-length Sek-l and co-injected into zebra tish embryos. The 
embryos were then analysed at 24 hours ot" development by in situ 
hybridisation lor disruptions to the segmental restriction ot rtkl or kr.\2(t 
expression. The amounts of injected RNA are normalised relative to the 
maximum amount (0.3 net of truncated receptor RNA injected in this 
experiment. The amounts of RNA injected may not reflect the relative 
amounts of full-length and truncated protein generated, as there could be 
differences in RNA stability, protein stability, and/or trunslationul efficiency 



expression and fusions are dorsally located, and non-express- 
ing cells are present ventrally in presumptive r4 (Fig. 4K.L). 
We therefore infer that r4 is still present, but no molecular 
markers are currently available to assess this directly. In 
summary, expression of truncated Sek-l in zebrafish leads to 
a similar disruption of the spatial restriction of r3/r5 markers 
as in Xenopus, but with more severe phenotypes and in a higher 
proportion of embryos. 

If Sek-l/rtkl has any adhesive role, it is possible that the 
disruption was due to the ectopic expression of extracellular 
domain rather than inhibition of signal transduction. However, 
no effects on segmental gene expression occurred in >300 
zebrafish embryos injected with RNA encoding full-length 
Sek-l. This enabled us to test whether expression of full-length 
Sek-l could rescue the effects of truncated Sek-l. We found 
that co-injection of increasing amounts of RNA encoding full- 
length Sek-l lead to a progressive suppression of the disrup- 
tion to the segmental restriction of gene expression (Table 1 ). 
These data indicate that Sek-l is capable of homodimerisation 
and confirm that the disruption caused by truncated Sek-l is 
due to a requirement for the cytoplasmic domain. 

Disruption of boundary formation and neuronal 
organisation by truncated Sek-1 

In the chick, morphological boundaries at the interface of odd 
and even numbered rhombomeres exhibit several distinctive 
cellular and antigenic properties (Lumsden and Keynes. 1989: 
Heyman et al.. 1993). We found that, in addition to uniform 
expression up to the rl/r2 boundary, zebrafish Pax6 (PaxA: 
Krauss et al., 1991; Puschel et al.. 1992) protein is expressed 
at higher levels at rhombomere boundaries in 24h embryos 
(Fig. 5A). We analysed whether expression of truncated Sek- 
1 receptor affected the expression pattern of this boundary' 
marker. In 307c of embryos, lower levels of Pax6 expression 
occurred in certain rhombomere boundaries, for example at the 
r2/r3 (Fig. 5B) and r5/r6 (Fig. 5C) boundary. In some of these 
embryos, for example in rostral part of hindbrain shown in Fig. 
5C, certain boundaries are distorted, perhaps reflecting the 
altered shape of rhombomeres detected by rtkl and krx2() 
expression (Fig. 4E-L). 




Previous studies have shown a segmental organisation of 
identified reticulospinal neurons in the zebrafish hindbrain 
that can be revealed by retrograde labelling from the spinal 
cord (Metcalfe et al.. 1986: Fig. 6A). These neurons are 
therefore amenable markers of regional specification in the 
hindbrain (Hill et al.. 1995). We examined whether 
expression of truncated Sek-I had effects on the organisation 
of reticulospinal neurons by using lysinated rhodamine 
dextran for retrograde labelling. Many embryos expressing 
truncated Sek-1 had the normal number and organisation of 
reticulospinal neurons indicating that, as suggested by the 
gene expression data, rhomborriere specification has not been 
altered. However, in some embryos, the spacing of these 
neurons within rhombomeres is abnormal; for example. r5 
neurons (MiD2cm and MiD2cI: Metcalfe et ah, 1986) which 
are close together in the normal hindbrain (Fig. 6A) are 
further apart in some embryos expressing truncated Sek-1 
(Fig. 6B). 109c of injected embryos had a duplication of the 
Mauthner neuron in r4, as identified by its location and con- 
tralateral projection (Fig. 6C). 

DISCUSSION 

It was possible that the expression of Sek-1 in r3 and r5 corre- 
lated with a role in establishing or maintaining the segmental 
identity of cells within these rhombomeres. However, our data 
argue against such a role, since we do not observe a deficiency 
in r3/r5 after injection of RNA encoding truncated Sek-f. 
Rather, we find an ectopic expression of markers of r3/r5 in 
the Xenopas and zebrafish hindbrain. Unlike the situation in 
norma! development, cells expressing Krox-20 or Sek-1 Ink J 
are found in r2, r4 or r6, and in a high proportion of injected 
zebrafish embryos an apparent fusion occurs between r3 and 
r5. These ectopic cells occur in a variable pattern in a coherent 
group co-extensive with r3/r5. and might underlie the distor- 
tions of rhombomere boundaries and altered spacing of retic- 
ulospinal neurons observed at later stages. To interpret these 
results, we will first discuss the potentfal effects of truncated 
Sek-1. and then consider what mechanisms could underlie the 
restriction of segmental gene expression. 

Specificity of truncated Sek-1 

Our strategy is based upon the assumption that, as for other 
RTKs. activation of Sek-I occurs through a ligand-induced 
dimerisation. Although this has not been directly shown for 
Eph-related RTKs, in cells expressing a fusion protein of EGF 
receptor ligand binding domain and Elk receptor kinase 
domain, the latter is phosphorylated upon EGF treatment 
(Lhotak and Pawson. 1993). Therefore the kinase domain of 
this Eph-related RTK can be activated by dimerisation. Fur- 
thermore, whereas soluble Elk receptor ligand is inactive, a 
dimerised form of this activates Elk. suggesting that activation 
involves receptor homodimerisation (Davis efal.. 1 994). Our 
finding that co-injection of RNA encoding full-lencth Sek-l 
rescues the phenotype caused by truncated Sek-I indicates thai 
these can bind to each other and thus provides further evidence 
for homodimerisation. 

The use of truncated receptors has provided important 
insights into the roles of receptor kinases in Xenopus 
mesoderm patterning (Amaya et al.. 1 99 1 : Hemmati-Brivanlou 
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and Melton. 1 992: Graff et al.. 1 994). but have revealed some 
potential limitations to this approach. In particular, the 
truncated receptor may interfere with the function of several 
endogenous receptors by heterodimerisation (Ueno et al., 
1992). It is not known whether Eph-related RTKs can het- 
erodimerise. such that truncated Sek-I could interfere with the 
function of other family members; the rescuing effects of full- 
length Sek-I do not address this since it could compete for 
binding of truncated Sek-l to a heterologous partner. If 
truncated Sek-I does inhibit the function of several RTKs the 
effects we observe could involve related genes co-expressed 
with Sek-1 . such as Sek-3/nuL Sek-4, and zebrafish rtk3 
(Becker et al.. 1994; Henkemeyer et al., 1 994; Q. X. and N. 
H., unpublished observations). However, these genes are 
expressed after segmentation, and no £/>/7-reIated RTKs have 
been found that are co-expressed with Sek-1 in pre-r3/r5, when 
we first observe disrupted gene expression. If receptor het- 
erodimerisation occurs, less severe effects may result from dis- 
ruption of the Sek-1 gene compared with the use of a dominant 
negative approach. Since the phenotype correlates with Sek-1 
expression, for simplicity we will not refer below to the pos- 
sibility of effects on multiple receptors. 

Potential mechanisms restricting segmental gene 
expression 

Whereas regional specification occurs prior to segmentation in 
the chick hindbrain (Guthrie et al., 1992), the progeny of an 
individual cell marked at this stage disperse considerably, and 
often contribute to two adjacent rhombomeres (Fraser .et al.. 
1990). Since Krox-20 transcripts are up-regulated in pre-r3 and 
-r5 at this stage (Nieto et al.. 1991), it seems that expression 
does not correlate with an irrevocable commitment to an r3/r5 
identity. Although after segmentation, most clonal progeny are 
restricted to a single rhombomere (Fraser et al., 1990), in 10- 
20% of clones some cells cross rhombomere boundaries 
(Birgbauer and Fraser, 1994). Thus the observation of sharp 
r3/r5 domains of Krox-20 expression implies that cells are not 
committed even after segmentation. It therefore seems that 
there is a dynamic regulation of cell identity. We suggest that 
restricted domains of Krox-20 gene expression might be main- 
tained by local interactions acting in a community effect 
(Gurdon. 1988; Gurdon et al., 1993). in which as intermingling 
occurs between presumptive or definitive rhombomeres, cells 
switch their segmental identity to that of their neighbours. It is 
also possible that rather than switching identity, cell death 
occurs. However, cell death is unlikely to account for the 
restriction of gene expression prior to segmentation, when indi- 
vidual cells can contribute many progeny to each of two rhom- 
bomeres. 

The partial restriction of cell movement across rhombomere 
boundaries (Fraser et al.. 1990; Birgbauer and Fraser, 1994) is 
also likely to contribute to the formation of sharp segmental 
domains of gene expression. Transplantation experiments in 
the chick suggest that this restriction involves cellular proper- 
ties, perhaps adhesion, that to a first approximation alternate 
between rhombomeres (Guthrie et ai., 1993) and might lead to 
a sorting of cells with odd and even segmental identity. Taken 
together, these data suggest roles of both identity switching and 
constraints on cell mixing, but the relative contribution of these 
mechanisms is not known and may vary during the establish- 
ment of segments. Current data are consistenrwith a critical 
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Fig. 4. Effect of truncated Sek- 1 on krx20 and rtkl expression in the zebrafish hindbrain. RN A encoding truncated Sek- was m.cro.n jecied 
into 1 cell of zebrafish embryos at the 2 cell stage. Embryos were allowed to develop to neurula stages, fixed and eiiher krx.O or nk J 
expression analysed by in situ hybridisation. Photographs were taken either of the hindbrain from a dorsal (A-H.J) or lateral yicu iK.Li. or 



after sectioning in the coronal plane (I). krx20 expression was analysed in (A) uninjected or (B.C) injected embryos fixed at 14 hours ot 

i was analysed in uninjected (D) or injected (E-K) embryos analysed at :4 hours of development. ( LUm- e_ 
expression in injected \ 8h em 
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ibryo. The arrowheads indicate cells expressing kr.\20 or rtkl in even-numbered rhombomeres. Scale bar> ?u urn. 



role of cell identity switching in the maintenance of gene 
expression domains, with cell adhesion serving to sharpen and 
stabilise the pattern upon segmentation. Indirect support for 
this is provided by the phenotype of mice in which r3 and r5 
are missing due to inactivation of the Krox-20 gene (Schneider- 
Maunoury et al., 1993). The juxtaposed r2/r4/r6 in these 
mutants are predicted to have greater intermingling than odd 
and even rhombomeres (Guthrie et al.. 199,3), yet r4-specific 
gene expression is as sharp as in normal embryos. However, 
these studies do not rule out the possibility that there is a partial 



restriction of cell movement at early stages, which has a critical 
role. 

Disruption of segmentally restricted gene 
expression by truncated Sek-1 

We suggest three possible mechanisms by which expression ol 
truncated Sek-1 could lead to cells expressing Krox-20/Sek- i 
in even-numbered rhombomeres: a switch of r2/r4/r6 cells to 
an r3/r5 identity: an increased mixing of cells between odd and 
even rhombomeres: or a block in the switching of r3/n cells 




I 
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Fig. a. Effect of truncated Sek- 1 on Pax6 expression at rhombomere boundaries in the zebrafish. Immunocvtochemistry was carried out to 

ZTX ^ ax6 f X P r ress h IOn J" (A) u r jC T d 24H CmbryOS ° r (B ' C) 24h embr ^ OS in J ecled with RNA encoding truncated Sek- 1 The black 
arrowheads indicate rhombomere boundancs. all of which, in control embryos, express Pax6 at higher levels than within rhombome es The 
while arrowheads mdicate rhombomere boundaries in injected embryos in which Pax6 expression appears deficient Seal ^50^" 



that have intermingled into r2/r4/r6. These are discussed 
below. 

According to the first hypothesis, expression of truncated 
Sek-1 has lead to a de novo up-regulation of Krox-20/Sek- 1 
expression in even-numbered rhombomeres. Such a 
mechanism requires that truncated Sek-1 has not disrupted 
Sek-1 function, but rather an RTK expressed in r2/r4/r6. 
However, this explanation seems very unlikely since the cells 
ectopically expressing r3/r5 markers are always found con- 
tiguous with r3 or r5. Although ectopic cells with r3/r5 identity 
might preferentially adhere to r3/r5 during cell mixing, this 
intermingling would have to be very extensive and rapid to 
account for the complete absence of isolated ectopic cells in 
even-numbered rhombomeres: this is especially unlikely in 
Xenopus. in which little intermingling occurs (Wetts and 
Fraser. 1989). Furthermore, this hypothesis does not account 



for the variability in the disrupted pattern of gene expression 
or the difference in the proportion of affected embryos in 
zebrafish and Xenopus. 

The second hypothesis proposes that presumptive r3/r5-cells 
are present in r2/r4/r6 due to increased mixing between odd 
and even rhombomeres. Indeed, since ligands for Eph-related 
receptors are membrane bound (Bartley et ak, 1994; Beckmann 
et aL 1994; Cheng and Flanagan, 1994; Davis et ak, 1994), 
they could mediate adhesive interactions, and the r3/r5 
expression of Sek-1 thus contributes to the adhesive differ- 
ences between odd- and even-numbered segments. Widespread 
expression of the extracellular domain of Sek-1 could therefore 
lessen the adhesive difference between r3/r5 and adjacent 
rhombomeres, leading to increased mixing of these cell popu- 
lations. However, we find injection of RNA encoding full- 
length Sek- 1 has no effect on the segmental restriction of gene 




Fig. 6. Effect of truncated Sek-1 on reticulospinal neurons in the zebrafish embryo. Reticulospinal neurons were revealed in 3 dav zebrafish 

truncated bek-l . The small arrowheads in A and B indicate the locations of correspondine pairs of reticulospinal neurons in and r* The 
-^r^ embryo shown in B. The small aLwhe^s in C ^T^7^^ Su.hner 

neurons in r4. I he large arrows labelled m indicate the Mauthner neuron. Scale bar. 50 urn. 
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expression, suggesting that the effect of truncated receptor is 
not due to ectopic expression of the extracellular domain. 
Indeed, full-length Sek-I rescues the effect of truncated Sek- 
l, indicating that if this RTK does have a role in restricting cell 
movement from odd to even rhombomeres. it requires the 
kinase domain. Thus, rather than mediating a passive adhesion, 
any role of Sek-l in lineage restriction might involve an active 
process, such as a contact dependent repulsion of r3/r5 cells by 
r2/r4/r6 cells. 

According to the third hypothesis, truncated Sek-l protein 
interferes with signal transduction and disrupts the ability of 
presumptive r3/r5 cells to switch segmental identity if, during 
intermingling, they cross into presumptive r2/r4/r6. The fusion 
of r3 and r5 observed in many zebrafish embryos may be a con- 
sequence of pre-r3/r5 cells encroaching sufficiently into pre-r4 
to bridge the normal 3-4 cell wide gap between these odd- 
numbered rhombomeres in the early neural plate. Since cells 
from r3 and r5 will mix with each other relatively freely 
(Guthrie et al., 1993), touching of these rhombomeres could 
lead to an irreversible fusion. This model suggests that during 
normal development, activation of Sek-l receptor occurs in 
any cells that move from odd- to even-numbered territory and 
is required for a switch in phenotype to that of the local 
community. The switch in phenotype is accompanied by the 
down-regulation of Sek-l/rtkl and Krox-20 transcripts, which 
must occur rapidly to account for the sharp expression 
domains. This model predicts that the ligand for Sek-l is 
expressed in even-numbered rhombomeres and that the sig- 
nalling interactions are short-range. Indeed. ligands for Eph- 
related RTKs are active only when membrane-bound and not 
in soluble form (Davis et al., 1994). Recently, a ligand. Elf-L 
has been identified that binds Sek-l and another Eph-related 
RTK, Mek-4 (Cheng and Flanagan. 1994). However, 
expression of Elf- 1 does not occur within, or adjacent to r3/r5. 
and it is therefore unlikely that Elf- 1 activates Sek-l in the 
hindbrain. 

An important question arising from this model is how 
boundaries are stabilised, since at this interface pre-r3/r5 cells 
are in contact with pre-r2/r4/r6. One possibility is that a switch 
from odd to even identity requires contact with more than a 
critical ratio of pre-r2/r4/r6 cells relative to r3/r5 cells. It may 
be significant that after segmentation in the chick hindbrain a 
distinct population of cells is formed at boundaries, across 
which there is less cell contact compared to within rhom- 
bomeres (Martinez et al., 1992), perhaps due to larger inter- 
cellular spaces (Lumsden and Keynes, 1989; Heyman et al.. 
1993). It is possible that this relative lack of cell contact might 
stabilise domains of gene expression after segmentation, and 
thus it is intriguing that we find truncated Sek-l leads to a defi- 
ciency in the higher-level expression of Pax6 in rhombomere. 
boundary cells in the zebrafish. Studies in the chick indicate 
that boundaries form at the interface between any combination 
of odd- and even-numbered rhombomeres (Guthrie and 
Lumsden, 1991), so boundary cells may be induced by local 
interactions between these populations. We speculate that the 
decrease in Pax6 expression in some boundary cells may reflect 
a role of Sek-l in such interactions between adjacent rhom- 
bomeres. If boundary cells stabilise gene expression domains, 
might disruption of their formation underlie the ectopic 
expression of r3/r5 markers in the presence of truncated Sek- 
I? Although this cannot be ruled out. current data do not 



support this possibility since we observe disruptions at earl> 
stages whereas boundary cells have only been detected after 
segmentation. The effects of truncated Sek- 1 on boundary cell> 
may therefore reflect a distinct, later role. 

Variations in the extent and pattern of disruption 

Our data raise the questions as to why the extent of disruption 
and proportion of affected embryos is low in Xenoptis despite 
the uniform distribution of injected RNA. why it is lower than 
in zebrafish. and why in both species the patterns of disruption 
are variable. These may relate to the extent and variability of 
cell mixing normally occurring in the hindbrain. and are con- 
sistent with models in which ectopic gene expression derive> 
from r3/r5. Clonal analyses in the zebrafish have shown that 
during convergent extension there is considerable intermin- 
gling of cells along the A-P axis (Kimmel et al.. 1994). Thi^ 
occurs because the progeny of a cell division often lie along 
the A-P axis, and are subsequently separated by the intercala- 
tion of other cells. Although the dispersal of clones has not 
been followed after the 16th cell division (8-9 h>. convergent 
extension is still occurring after the onset of krx20 expression 
(Oxtoby and Jowett. 1993). so substantial intermingling along 
the A-P axis seems likely to occur. As a consequence, blocking 
of the restriction of cell movement between presumptive rhom- 
bomeres or of cell identity switching will frequently lead to 
severe disruption of spatially restricted gene expression, and 
since the patterns of cell division and intercalation are sto- 
chastic (Kimmel et al., 1994) the extent of this disruption is 
variable. In contrast, little cell intermingling occurs in 
Xenoptts. even during the major morphogenetic movements 
between blastula and mid-neurula stages (Wetts and Fraser. 
1989). Moreover, only one cell division occurs in the neural 
epithelium between stages 13 and 16 (Hartenstein. 1989). the 
period when Krox-20/ Sek- J expression is established and 
sharpened. There is therefore little opportunity for the dispersal 
of clonally-related cells along the A-P axis by division and 
intercalation. As a consequence, movement of cells between 
presumptive rhombomeres and a switching of segmental 
identity is likely to occur infrequently in Xenopits. 

If substantial cell mixing is occurring in the zebrafish 
hindbrain, why do we find that cells expressing r3/r5 markers 
in an ectopic location always form a coherent group, rather 
than being interspersed with non-expressing cells? One possi- 
bility is that due to turnover of the injected RNA encoding 
truncated Sek-l there is only a transient inhibition of lineage 
restriction or of cell identity sw itching which causes the severe 
scrambling seen in the 12h embryo. From this the coherent 
arrangement of r3/r5 cells seen at 18-24h could then emerge 
by a sorting of odd- and even-numbered cells and/or because 
ectopic communities, but not isolated cells, can maintain r3/r? 
phenotype. According to this, the variable and abnormal shapes 
of r3/r5 seen at later stages may reflect the stochastic nature of 
the initial scrambling of cells w ith presumptive odd- and even- 
numbered identity, due to variability in planes of cell division 
(Kimmel et al., 1994). 

Concluding remarks 

Our results indicate that Sek-l function is required for the 
restriction of Krox-20 and Sek-l gene expression to r3/r5. and 
suggest a role either in a dynamic regulation of cell identity in 
a segmental community effect or in a restriction of cell 
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movement from odd to even presumptive segments. The 
relative contribution of these mechanisms to the establishment 
of segmental gene expression domains is unknown, and further 
understanding of the role of Sek-1 will therefore require cell 
lineage analysis and transplantation experiments. 
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The nucleotide sequence of XSck-I will appear in the EMBL. 
GenBank and DDBJ Nucleotide Sequence Databases under the 
accession number X9I 19 1. 
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Summary 

We report that the many Eph-related receptor tyrosine 
kinases, and their numerous membrane-bound li- 
gands, can each be grouped into only two major speci- 
ficity subclasses. Receptors in a given subclass bind 
most members of a corresponding ligand subclass. 
The physiological relevance of these groupings is sug- 
gested by viewing the collective distributions of all 
members of a subclass. These composite distribu- 
tions, in contrast with less informative patterns seen 
with individual members of the family, reveal that the 
developing embryo is subdivided into domains defined 
by reciprocal and apparently mutually exclusive ex- 
pression of a receptor subclass and its corresponding 
ligands. Receptors seem to encounter their ligands 
only at the interface between these domains. This re- 
ciprocal compartmentalization implicates the Eph 
family in the formation of spatial boundaries that may 
help to organize the developing body plan. 

Introduction 

Factors that bind and activate receptor tyrosine kinases 
(RTKs) play key roles during development as well as in 
the adult (Schlessinger and Ullrich, 1992). The known 
RTKs can be grouped into families based on structural 



considerations. The Eph family of RTKs, named for its 
first described member (Hirai et al., 1987), is the largest 
known family of RTKs with at least 1 3 distinct members 
(Tuzi and Gullick, 1 994). Members of the Eph receptor 
family display dynamic and spatially restricted expres- 
sion patterns during embryogenesis, which originally 
suggested that they might be involved in a variety of 
developmental processes. For example, segmental ex- 
pression of various Eph receptors such as murine Sek1 
(also known as Hek8 in humans and Cek8 in chick) and 
Eck (also known as Sek2, Mpk5, and Myk2) in early 
somites and in the rhombomeres of the developing hind- 
brain suggested that they may be involved in formation 
of body segments or in regulating segment-specific 
characteristics (Nieto et al., 1992; Gilardi-Hebenstreit et 
al., 1992; Ruiz and Robertson, 1994). Expression of Eph 
family members in the limb and particular neural struc- 
tures suggested additional roles (Nieto et al M 1992; 
Ganju et al., 1994; Cheng and Flanagan, 1994), with the 
expression of the murine Nuk receptor (also known as 
Hek5 and Erk in humans, Sek3 in mice, and Cek5 in 
chick) on initial axonal outgrowths, suggesting a role foi 
this RTK in early axonal pathfinding or in the fascicula 
tion stages of axonogenesis (Henkemeyer et al., 1994) 
Several of the Eph receptors have also generated inter 
est because of their restricted expression to the nervoui 
system in the adult, such as for Ehk1 (alternately dubbec 
Bsk or Rek7 in rats, and also known as Hek7 in humans) 
Ehk2, Ehk3 (with the mouse ortholog also referred to a; 
MDK1 or Ebk and the human version Hek11), and EH 
(also known as Cek6 in chick), (Lhotak et al., 1991; Mai 
sonpierre et al., 1993; Zhou et al., 1994; Taylor et al. 
1994; Valenzuela et al., 1995; Ciossek et al., 1995; Ellir 
et al., 1995). 

Members of the Eph receptor family were all initially 
identified as "orphan receptors," because at the time o 
their identification they had no known ligands. Recently 
however, protein factors that bind these receptors hav< 
been moleculariy cloned at an impressive rate. B61 wa: 
initially cloned as aTNF-inducible sequence of unknowr 
function (Holzman et al., 1990), but was subsequent! 
recloned by a number of groups as the ligand for th< 
Eck receptor (Bartley et al., 1994), as a binding proteii 
for the Hek receptor (also referred to as Hek4 in humans 
Mek4 in mouse, and Cek in chicken) and termed LERK 
(Beckmann et al., 1994), or as a ligand for both Eck am 
Ehk1 and termed Efl-1 (Davis et al., 1 994). Six additions 
ligands for Eph receptor have been published, with eacl 
of these ligands (like B61 ) having been independent! 
cloned by several different groups based on binding t< 
different members of the Eph receptor family (Beckman. 
et a!., 1994; Davis et al., 1994; Cheng and Flanagar 
1994; Shao et al.. 1994, 1995; Kozlosky et a!.. 1991 
Bennett et al., 1995; Winslow et al., 1995; Drescher e 
al., 1995; Cerretti et al., 1995; Lackmann et al., 1996 
perhaps surprisingly, no ligands have been reported t 
bind to the original and prototypical member of this RT 
subfamily, Eph. The seven published ligands compris 
a family, with members sharing between 23% and 56 c . 
amino acid identity. The most striking unifying feature ( 
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ali the Eph family ligands is that they are all membrane- 
attached, either because they are transmembrane pro- 
teins (as for Htk-L7ELF-2/LERK5 and Elk-L/LERK2/Efl- 
3/Cek-5L, hereafter referred to as Htk-L and Elk- 
L/LERK2) or because they are bound to the surface via 
a glycosylphosphatidylinositol (GPI) linkage (as is the 
case for B61/LERK1/Efl-1 , Ehkl -L7Efl-2/LERK3, LERK4, 
ELF-1 /Cek7-L and AL-1/RAGS, hereafter referred to as 
B61. Ehk1-L, LERK4. ELF-1 , and AL-1). While ligands 
for several other families of RTKs can have membrane- 
bound and soluble forms that are both active, the Eph 
family ligands are unusual in that only their membrane- 
bound forms are active while soluble forms are not only 
inactive but in fact may act as antagonists (Davis et al., 
1994; Winslow et al., 1995). However, the soluble forms 
can be artificially activated by deliberate dimerization 
or higher order oligomerization, leading to the proposal 
that these ligands are active in their membrane-attached 
forms because membrane attachment normally serves 
to facilitate their oligomerization (Davis et al., 1 994). The 
strict requirement for membrane attachment seems to 
provide for a specialized mechanism that ensures that 
receptor activation is coupled to direct cell-to-cell con- 
tact (Davis et al., 1994) and is consistent with findings 
that Eph family receptors can be highly localized to 
patches of cell-to-cell contact (Henkemeyer et al., 1 994). 

In contrast with other ectopically expressed neural 
RTKs such as the Trk receptors used by the neurotroph- 
ins, when Eph family receptors are ectopically ex- 
pressed in non-neuronal ceils they can not elicit conven- 
tional growth responses (Lhotak and Pawson, 1993; 
Davis et al., 1994; Brambilla et al., 1995). Because of 
these findings, together with the unusual requirement 
that the ligands act as obligate membrane-attached fac- 
tors (Davis et al., 1994; Winslow et al. f 1995), it may 
not be too surprising that emerging functional evidence 
(Winslow et al., 1 995; Drescher et al., 1 995; Cheng et aL, 
1995) indicates that Eph family ligands elicit responses 
from neurons and their precursors that are quite different 
from those seen in response to classical neurotrophic 
and survival factors such as the neurotrophins. The Eph 
family may instead be involved in axonal bundling or 
guidance, perhaps by providing repulsive signals, and 
has been specifically implicated as providing positional 
cues for establishing retinotectal projection patterns (re- 
viewed by Tessier-Lavigne, 1 995). 

The very large size of the Eph family of receptors 
and ligands initially seemed well-suited for providing 
the diversity necessary to mediate distinct and specific 
recognition events in the nervous system and elsewhere 
(reviewed by Tessier-Lavigne, 1995). Early hints, how- 
ever, suggested that the number of distinct binding 
specificities encoded by this family might be much 
smaller than that predicted based on family size. For 
example, as noted above, several of the ligands were 
independently identified using different Eph family re- 
ceptors, indicating that the ligands could bind multiple 
receptors. Direct comparison has indeed shown that 
this can be the case, finding that particular ligands can 
indeed have rather similar affinities for several receptors 
(e.g., Davis et al., 1 994; Beckmann et al., 1 994; Kozlosky 
et al.. 1995; Cheng and Flanagan, 1994; Brambilla et al., 
1995). Here, we report that all the Eph family ligands 
identified to date, as well as most of the known Eph 



family receptors, can each be functionally divided into 
only two major specificity subclasses. Thus, one sub- 
class of ligands binds and activates one subclass of 
receptors, while the second subclass of ligands binds 
and activates the other subclass of receptors. The com- 
posite distributions of these subclasses during em- 
bryogenesis suggest that the Eph family is involved in 
formation of spatial boundaries that may help to orga- 
nize the developing body plan. 

Results 

Eph Family Ligands and Receptors Each Segregate 
into Only Two Major Subclasses Based 
on Binding Specificities 

To determine the binding specificities of the various Eph 
family receptor and ligands, we first transiently ex- 
pressed each of the ligands on the surface of COS7 
cells, and then assayed for the binding of saturating 
concentrations of soluble receptor-antibody fusion pro- 
teins (dubbed receptor-bodies, consisting of the extra- 
cellular domain of the receptor fused to the Fc portion 
of human IgGI) to these cells (Figure 1A; summarized 
in Figure 6A). These binding studies revealed that all the 
Eph family ligands identified to date, as well as most of 
the known Eph family receptors, can each be function- 
ally divided into only two major specificity subclasses. 
One subclass of ligands (Elk-L/LERK2 and Htk-L, as well 
as a novel ligand dubbed Elk-L3 to be described in detail 
elsewhere; Gale et al., 1996) binds to one subclass of 
receptors (Elk and Nuk), while the other subclass of 
ligands (B61 , Ehk1 -L, LERK4, AL-1 , and ELF-1 ) binds to 
the other subclass of receptors (Eck, Ehk1 , Ehk2, Ehk3/ 
MDK1, and Sek1); the Eph receptor proved unique in 
that it only binds to a single ligand, B61 . Interestingly, 
the ligand subclasses as defined by binding specificities 
also correspond to subclasses defined by the type of 
membrane linkages used by the ligands, that is, all mem- 
bers of one subclass of ligands (Elk-L/LERK2, Htk-L, 
and Elk-L3) are transmembrane proteins, while all the. 
members of the other subclass (B61, Ehk1-L, LERK4, 
AL-1, and ELF-1) are GPI anchored. Furthermore, the 
binding specificity subclasses of both the ligands and 
receptors also correlate with groupings that can be 
made based on homologies displayed by these proteins 
(see Figures 6A and 6B). 

Although we did not directly test the interaction of 
Hek/Mek4 with this panel of ligands, Hek/Mek4 is most 
homologous to Ehk2, and others have shown that Hek/ 
Mek4 can interact with B61 (Beckmann et al., 1994), 
Ehk1 -L7LERK3 and LERK4 (Kozlosky et al., 1995), and 
ELF-1 (Cheng and Flanagan, 1994; Lackmann et al., 
1 996). Thus, Hek/Mek4 can be included among the re- 
ceptor subclass that includes Eck, Ehk1 , Ehk2, Ehk3/ 
MDK1 , and Sek1 . Similarly, it has previously been shown 
that the Htk (also known as Myk1 and MDK2) receptor 
binds to Htk-L (Bennett et al., 1995; Bergemann et al., 
1995) and the chicken ortholog (Cek10, and also known 
as Sek4 and MDK5 in mouse) of Hek2 binds Elk-L/LERK2 
(Brambilla et al., 1995) and Htk-L (Bergemann et al., 
1995), indicating that Htk and Hek2 should be grouped 
with the Elk and Nuk subclass of receptors (Figure 6A; 
also see below for further data in this regard). 
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affinity interaction (to Sek1. K, -0.395 nM) compared 
with its lowest affinity interaction (to Eph, 
There were similar variations in the tending » 
Ehk1 -L and ELF-1 by the various receptors, except hat 
each displayed different relative preferences for the van 

^Thes^Kdemonstrate that although members of a 
particular ligand subclass exhibit similar overall patterns 
of binding That are generally restricted to 
the corresponding subclass of receptors each jand 
displays a different set of preferences for these recep 
.tors, with the affinity of interaction ranging from the 
subnanomolar range to undetectable. Sek1 and Htk-L 
provide examples that "cross" subclasses by b.nd.ng 
to each other with appreciable affinity, while Eph pro- 
vides an example of a receptor with a very limited b.nd- 
ing repertoire restricted to B61 . 



Differences in Binding Specificities and Affinities 
of Members of the Same Subclass 
Although different members of a particular subclass ap- 
pear to have remarkably similar overall binding specifici- 
ties as determined using saturating concentrations of 
receptor-bodies (Figure 1A). notable diffe rences can 
also be seen. For example, Eck and Sekl bind rather 
poorly to ELF-1, and Sek1 binds poorly to Ehk1-L al- 
though Eck and Sekl bind well to all the other GPI- 
anchored ligands. Furthermore. Sek1 appears to cross 
subclasses by exhibiting appreciable b.nd.ng to the 
transmembrane ligand Htk-L. To explore juch 
differences in the binding specifict.es and affinit.es of 
members of the same subclass, sets of ligancWeceptor 
pairings were selected for indirect scatchard analys.s 
performed by measuring binding of varying concentra- 
tions of receptor-bodies (Figures 1 B and 1 C). Such bind- 
ing analysis did indeed reveal clear differences in bind- 
ing specificities and affinities of members of the same 
ligand or receptor subclass (Figure 2). Thus B61 was 
bound with decreasing affinity by Sekl . Ehkl Eck BjM 
and Eph; there was an approximately 1 0-fo.d difference 
in the binding affinity of B61 in the case of its h.ghest 
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Receptor Activation k ».«h «r 

To determine whether the subclasses def med based or 
binding specificities correspond to functionally relevan 
groupings, we examined whether Eph family ligand, 
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Figure 2. Calculated K«s for Receptor-Fc Binding to Surface Li- 
gands 

Results of indirect scatchard analysts for the receptor/1 igand pairs 
in Figures IB and 1C are shown in matrix form and are expressed 
as KaS (nM); n/a, too low to be determined accurately; n/d, not 
determined. 

could indeed generally activate members of the corre- 
sponding subclass of receptors to which they could 
bind. Thus, deliberately clustered soluble ligands were 
assessed for their ability to induce phosphorylation of 
several members of the Eph receptor family; for these 
experiments, we employed MG mouse fibroblast cells 
stably expressing the Elk receptor {MG-Elk cells), COS1 
monkey kidney cells endogenously expressing Nuk re- 
ceptors, NIH 3T3 mouse fibroblast cells endogenously 
expressing Hek2 receptors, or CHP100 human neuro- 
epithelial cells endogenously expressing Ehk1 recep- 
tors. The receptor phosphorylation results proved to be 
entirely consistent with the above binding studies. Thus, 
the transmembrane class of ligands (Elk-L/LERK2 and 
Htk-L) induced phosphorylation of Elk t Nuk and Hek2, 
while the GPI-anchored class of ligands (B61, Ehk1-L, 
Efl-4, or AL-1) did not (Figure 3, top). In contrast, the 
GPI-anchored ligands all induced activation of Ehk1 
(and also Ehk2 and Eck; data not shown) while the trans- 
membrane ligands did not (Figure 3, bottom). The find- 
ings for Hek2 also confirm the assumption made above, 
based on the binding specificities of the presumed 
chicken ortholog of Hek2 (Brambilla et al. f 1995), that 
the mammalian Hek2 receptor can be placed into the 
group of receptors interacting with transmembrane li- 
gands that also includes Elk, Nuk, and Htk. 

Subclass Groupings Are Consistent with Binding 
Profiles in Whole Embryos 

We next attempted to determine whether the Eph family 
ligand and receptor subclasses, defined based on the 
in vitro binding and receptor activation assays described 
above, were relevant to the specificities of these ligands 
and receptors for their in vivo counterparts. Toward this 
end, we stained whole embryos (embryonic day -10.5) 
with either soluble receptor-bodies to define the embry- 
onic distribution of their ligands, or soluble "ligand- 
bodies" (soluble Hgand-antibody fusion proteins con- 
sisting of the soluble portion of the ligand fused to the 
antibody Fc domain) to define the embryonic distribution 
of their corresponding receptors. Consistent with the 
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Figure 3. Eph Family Ligands Induce "Subclass-Specific" Receptor 
Activation 

Receptor activation assayed by anti-phosphotyrosine immunoblot- 
ting of receptor precipitates from MG cells transfected with an ex- 
pression construct to allow for stable expression of the Elk recep- 
tors, COS cells endogenously expressing Nuk receptors, NIH 3T3 
cells endogenously expressing Hek2 receptors, or CHP100 cells 
endogenously expressing Ehk1 receptors. Cells stimulated with ei- 
ther control reagents (Fc alone, or Mock treated) or clustered ligand- 
bodies, as indicated. 



subclass groupings determined above by the in-vitro 
binding and phosphorylation studies, receptors in a par- 
ticular subclass all identified similar ligand patterns in 
the embryo, while ligands in a particular subclass also 
all detected rather uniform receptor profiles (Figure 4). 
However, consistent with the differences in relative affin- 
ities of members of a particular subclass for their coun- 
terparts, there were also occasional notable differences 
in the patterns identified by members of the same recep- 
tor or ligand subclass. Strikingly, the distribution of a 
given receptor subclass often seemed to be comple- 
mentary to the distribution of its corresponding ligand 
subclass, suggesting that these receptors and their li- 
gands mark or define boundaries in the embryo (this 
point addressed in detail below). 

Elk and Nuk receptor-bodies, representing receptors 
interacting with transmembrane ligands when assayed 
on cell lines, both detected similar ligand patterns in 
the embryo (Figure 4B) that consisted of staining in the 
forebrain, lateral nasal process, dorsal midbrain/tectum, 
anterior dorsal hindbrain, eye regions, a dorsal stripe 
along the entire spinal cord, distinctive portions of the 
branchial arches, proximal limb bud, tail somites, and 
umbilical cord. Ligand-bodies representing the corre- 
sponding subclass of ligands, including Elk-L/LERK2 
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and Htk-L, both identified a characteristic receptor pat- 
tern distinguished by staining in the ventral region of 
the midbrain and diencephalon, the most ventral region 
of the hindbrain, otic vesicles, the maxillary process and 
branchial arches, and in segmentally expressed dorso- 
ventral stripes, which correspond to motor neuronal 
processes (Figure 4C; data not shown). A panel of recep- 
tor-bodies corresponding to the other subclass of re- 
ceptors, that bind GPI-linked ligands in vitro, all identi- 
fied largely similar ligand patterns in the embryo that 
were quite distinct from the ligand patterns detected by 
receptor-bodies representing the other subclass (Figure 
4D). The ligand patterns detected by this panel of recep- 
tor-bodies was highlighted by staining in regions includ- 
ing the eye, the surface of the branchial arches (i.e., not 
in the slit/groove area of the arches), forebrain, dorsal 
posterior midbrain, dorsal anterior hindbrain, roof plate 



of the spinal cord, in a ventral stripe along the somites, 
and within the limb bud in regions apparently e * cl " s, )' e 
of both the tip and the region most proximal to the boay 
(Figure 4D and see below for further details). F.nally, 
ligand-bodies representing the GPI-anchored Ugands 
all exhibited remarkably similar binding patterns repre- 
senting sites of expression of their receptors, which 
often seemed reciprocal to the distributions of the li- 
gands themselves (Figure 4E and see below for further 
details). Receptors were detected in the forebrain, dor- 
sal anterior midbrain/pretectum, in the hindbrain in the 
area of the rhombomeres. in the branchial arches within 
the slit/groove area exclusive of the surface of the 
arches and in the nasolacrimal groove, in a stnpe along 
the dorsal region of the somites, and along the lateral 
mesodermal ridge (Figure 4E and see below). In 'the limb, 
sites of receptor expression were revealed in the distal 
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limb bud as well as in a body proximal location within 
the bud (Figure 4E and see below). Receptor expression 
was also prominently detected in the tail bud (not visible 
in the figure). 

Despite the similar overall patterns detected by mem- 
bers of the same subclass t members did exhibit occa- 
sional notable differences, consistent with the above 
described binding assays, demonstrating that members 
of a given subclass could indeed display distinctive dif- 
ferences in their relative affinities for their counterparts. 
For example, in contrast with B61 ligand-bodies, ELF-1 
Ngand-bodies did not appreciably stain the tips of limb 
buds or tail buds and appeared to detect a more poste- 
rior region of the hindbrain (Figure 4E); the particular 
inability of ELF-1 ligand-bodies to stain limb buds can 
be explained by previous findings (Ganju et al., 1994; 
Cheng and Flanagan, 1994) that Eck and Sek1, which 
we have shown bind well to all GPI-linked ligands except 
for ELF-1 , are localized to the limb bud tip. Eph receptor- 
bodies did not show detectable binding to whole em- 
bryos (data not shown). 

Reciprocal Expression of Eph Receptors 
and Ligands Compartmentalize the 
Developing Body Plan and Suggest 
Dynamic Roles in Boundary Formation 
The embryonic distributions of Eph receptors and li- 
gands, as revealed by receptor body and ligand body 
staining experiments described in the previous section, 
suggested that these molecules might be involved in 
subdividing the body plan and perhaps in defining em- 
bryonic boundaries. Initial impressions that Eph recep- 
tors and ligands might be forming boundaries came 
from comparing distributions in the developing brain. 
Thus, receptors noted in the ventral midbrain by Eik-Ly 
LERK2 and Htk-L ligand-bodies appeared to be clearly 
bounded on either side by ligands expressed in the 
forebrain and the ventral posterior midbrain/hindbrain 
border as detected by Elk and Nuk receptor-bodies 
(compare Figures 4B and 4C); consistent with reciprocity 
in their expression, the ventral distributions of this class 
of receptors in the forebrain, midbrain and hindbrain 
are contrasted by dorsal locations of the corresponding 
ligands in these brain regions. Similarly, GPI-linked li- 
gands and their receptors also seemed to define a com- 
plementary boundary between the dorsal posterior mid- 
brain and the dorsal anterior midbrain (compare Figures 
4D and 4E). 

More apparent and dramatic examples of comple- 
mentary domains and boundaries involving this sub- 
class of ligands and their receptors were noted in the 
limb buds, in the branchial arches, in the spinal cord, 
and in somite regions. These domains and boundaries 
appeared quite dynamic, with dramatic changes oc- 
curring as development proceeds. For example, in the 
limb buds at embryonic day 1 0.5, GPI-anchored ligands 
were only detected in the central portion of the limb 
(prospective zeugopod) and were bounded by receptors 
expressed at the distal tip (prospective autopod) as well 
as in body-proximal areas (prospective stylopod; com- 
pare high power views provided in Figure 5A). Strikingly, 
reciprocal expression of receptors and ligands was also 



noted later in limb development, forming different but 
still dramatic boundaries. Thus, in the distal limb at em- 
bryonic day 13.5, the GPi-anchored class of ligands 
could only be detected between the developing digits 
and not in the apical ectodermal ridge (AER). while re- 
ceptors for these ligands were only noted in the digits 
themselves and in the AER (Figure 5B). 

In the branchial arches, receptors for GPI-linked li- 
gands were detected within the slit regions of the 
arches, white the ligands were noted primarily on the 
surface out not within the slit area of the arch (Figure 5C). 
Complementary binding patterns were also observed in 
the somites where the GPI-linked ligands appeared to 
be expressed in the ventral region of the somites, 
bounded on either side by receptors expressed in the 
dorsal region of the somite, as well as in the lateral ridge 
mesoderm (Figures 4D and 4E). To explore further the 
impression that the GPI-linked ligands and their recep- 
tors formed complementary boundaries in the somite 
regions of the embryos, the stained embryos were sec- 
tioned to allow for a more detailed comparison of ligand 
and receptor distributions in the trunk. Examination of 
such sections confirmed the precisely reciprocal nature 
of the expression patterns of these ligands and their 
receptors (Figure 5D). Thus, receptors for GPI-linked 
ligands were found in the dorsomedial region of the 
somite and were directly bounded by ligands expressed 
in dorsal root ganglion, the ventrolateral region of the 
somite as well as the lateral ridge mesoderm. Within the 
spinal cord, multiple striking boundaries could also be 
noted. Thus, receptors could be seen across the ventral 
spinal cord, exclusive of the floor plate. This receptor 
expression appeared to be capped by a thin layer of 
ligand expression, which was in turn overlaid by dense 
receptor expression that extended up to, but did not 
include, the roof plate area, which in turn strongly ex- 
pressed the ligands. 

Altogether, this analysis reveals that members of a 
particular Eph receptor subclass and their correspond- 
ing ligands are expressed in reciprocal and apparently 
mutually exclusive patterns that subdivide the embryo 
into clear domains that seem to form precise and dy- 
namic boundaries in many different embryonic struc- 
tures. Interestingly, it appears as if receptors may only 
encounter their ligands at the boundaries between the 
domains, although it remains possible that receptors 
and ligands interact within broader regions that appear 
to form sharp boundaries only because coexpressed 
partners interact and thus "mask" detection of each 
other. It is worth noting that distribution analysis of indi- 
vidual members of a subclass would not have readily 
revealed these domains, since each member accounts 
for only a portion of the composite pattern representing 
an entire subclass (data not shown; A. F. et al.", unpub- 
lished data). 

Discussion 

Our results demonstrate that all the Eph family ligands 
identified to date, as well as most of the known Eph 
family receptors, can each be functionally divided into 
only two major specificity subclasses (Figure 6A). The 
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Figure 5. GPI-Anchored Ligands and Their 
Receptors Compartmentalize the Developing 
Body Plan and Form Dynamic Boundaries 
during Embryogenesis 

Embryos were stained with an Fc fusion of 
a representative GPI-anchored ligand (B61. 
LERK4, or AL-1/RAGS) to reveal the compos- 
ite distribution of the receptors binding this 
ligand subclass (left panels), or with an Fc 
fusion of one of these receptors (Ehkl or 
Ehk2) to reveal the composite distribution of 
the GPI-anchored ligands themselves {mid- 
dle panels). Binding was performed as in Fig* 
ure 4, but embryos are shown at high power 
and/or sectioned through the trunk to allow 
for optimal comparison of receptor and ligand 
distribution. Schematic representations of 
the reciprocal patterns observed are pro- 
vided in right panels. 

(A) Forelimb buds of 10.5 dpc embryos de- 
picting receptor expression in proximal and 
distal limb bud regions (plb and dlb, pre- 
sumptive autopod and stylopod) with recipro- 
cal ligand expression in the central limb bud 
region (clb, presumptive zeugopod). 

(B) Developing hands of 13 dpc embryos re- 
veals receptor expression in the digits (d) and 

in the apical ectodermal ridge (aer) and reciprocal ligand expression in the interdigital zone (idz). 

(C) Views of the branchial arch region of embryos reveal receptor expression within the grooves of the branchial arches and in the nasolacrimal 
groove and olfactory pits, while ligand expression is reciprocally noted on the surface of the branchial arches exclusive of the grooves and 
in the lateral nasal process exclusive of the nasolacrimal groove and olfactory pits. 

(D) Embryos sections from immediately posterior to the forelimb, and the trunk region viewed in cross section reveals complementary 
localization of receptors and ligands within the spinal cord, somites, and lateral mesoderm. Note that ligand expression within the dorsal root 
ganglion (drg) adjacent to the spinal cord, as noted in the schematic summary, was only noted in sections containing the drg (weak staining 
noted), although the drg is not visible in the section shown in the left panel. Abbreviations are as above and for Figure 4, with the following 
additions: maxillary process of the first branchial arch (mxpr), mandibular/ process of the first branchial arch (mdpr), second branchial arch 
(ba2), mid stripe in spinal cord (msc). 
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ligand subclasses correlate with the manner in which 
the ligands are anchored to the membrane. Thus, Elk- 
L/LERK2, Htk-L, and Elk-L3 are members of the "trans- 
membrane class" of ligands, while B61, Ehk1-L, LERK4, 
ELF-1, and AL-1 are members of the "GPI-anchored 
class" of ligands. Not surprisingly, these Ijgand sub- 
classes also reflect the degree of homology the ligands 
share with each other, with members of a subclass being 
most related (Figure 6B). Similarly, the two receptor sub- 
classes defined based on their binding and activation 
specificities also generally reflect the relatedness of 
their extracellular domains, with the Elk-related sub- 
class (comprised by Elk, Nuk, Hek2, and Htk) being 
rather specific for "transmembrane class" ligands and 
the Eck-related subclass (consisting of Eck, Ehk1, Ehk2, 
Ehk3/MDK-1, Sek1, and Hek) for "GPI-anchored" li- 
gands (Figure 6). The only known Eph-related receptors 
that have not been grouped according to ligand specific- 
ity now include the Cek9 (which appears most homolo- 
gous to the Elk subclass) and Eek receptors; full ectodo- 
main sequences have not yet been reported for either 
of these receptors. The division of both Eph family re- 
ceptors and ligands into the two major subclasses de- 
fined here seems quite important biologically, since the 
observed binding specificities have been preserved 
evolutionarily in all cases where the same receptor has 
been studied from both mammals and lower vertebrates. 

Eph fits outside of the major subclasses because it 
has a very limited binding repertoire, thus far restricted 



only to B61 ; it remains possible that this receptor may 
bind to yet undescribed ligands and may thus comprise 
an entirely separate subclass. Sek1 and Htk-L "cross" 
subclasses by binding to each other with appreciable 
affinity {K, 8.6 nM). An additional recently cloned li- 
gand of the transmembrane subclass, Elk-L3, also binds 
Sek1 as well as Elk and Nuk, extending the notion that 
Sek1 "crosses" subclasses (Gale et al., 1 996; Figures 6A 
and 6B). Within a particular ligand subclass, individual 
members clearly display a different set of preferences 
for their corresponding receptors, with the affinity of 
interaction ranging from the subnanomolar range to un- 
detectable. In contrast with soluble ligands, whose affin- 
ity for their receptors reflects whether this binding can 
occur at physiologic levels of the ligand, it is much more 
difficult to predict whether particular Eph family recep- 
toMigand pairings are biologically relevant based on 
their affinity of interaction. This is because Eph receptor- 
ligand interactions occur at cell-to-cell interfaces, and 
therefore cooperative interactions due to multiple simul- 
taneous receptor-ligand pairings may stabilize even 
weakly interacting partners. Thus, while binding and re- 
ceptor activation studies reveal whether an exogenously 
provided ligand can pharmacologically interact with a 
particular Eph receptor, conclusions that this ligand and 
receptor normally pair in vivo will probably require that 
they are shown to colocalize to adjacent cells in vivo. 

Why is it that such a large family of ligands has such 
a limited set of binding specificities? Unlike soluble li- 
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A. Binding and Activation Assays Reveal That Eph Family Receptors and 
Li gauds Can Each Be Functionally Divided Into Two Major Subclasses 
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B. Cladograms of Eph Family Receptors and Ligands 
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Figure 6. Groupings Made Based on Binding and Activation Assays Reflect the Relatedness of the Ectodomains of the Eph Receptors and 
Their Ligands 

(A) Schematic summary of known receptor and ligand interactions. Arrows drawn from a receptor to a ligand group denote binding of that 
receptor to the iigands indicated by the brackets. The initial names of each receptor are provided in large bold type, with other names under 
which the receptors have been published indicated in smaller type; these names are prefixed with a lower case letter designating the species 
of origin for these receptors as follows: h, human; r, rat; m, mouse; c, chicken; x, Xenopus; z, zebrafish. Following the initial published names 
of the various ligands, additional published names of the various ligands are provided. 

(B) Cladograms comparing the ectodomains of the Eph receptors and Eph ligands. Cladograms were generated by multiple amino acid 
sequence alignments using DNAStar Megalign program. 



gands, which are free to access distant cells and thus 
may require exquisite receptor specificity to limit their 
actions, Eph family ligands can normally only act in 
membrane-anchored form (Davis et al., 1994). Thus, de- 
spite their ability to recognize many different receptors 
throughout the body, the actions of individual ligands 
may be restricted by simply limiting the distribution of 
the cells expressing the ligand, abrogating the need for 
exquisite receptor specificity. The evolutionary expan- 
sion of this family may have been driven not by the 
selection for new binding diversities, but rather by the 
selection for new distributions of old binding activities, 
or perhaps the association of new signaling capabilities 
with old binding activities. Regardless, the surprising 
lack of binding diversity in this large family raises issues 
concerning shared activities and redundancy; the fact 
that a given ligand maintains the ability to bind multiple 
receptors suggests that these interactions occur in vivo. 
Along these lines, it must also be considered that the 
subtle differences in the binding characteristics of mem- 
bers of the same subclass may prove to be functionally 
critical. For example, since this family has been impli- 
cated in the formation of gradients (Cheng et al., 1995; 
Drescher et al., 1 995), it should be noted that "functional 
gradients" could, for example, either be formed by the 
graded distribution of an individual ligand, or by more 
uniform expression of several ligands in series, with 
each ligand having successively different affinities for a 
receptor recognizing the gradient; this may well be the 



case in the tectum, where AL-1 /RAGS and ELF-1 display 
overlapping gradients of expression. In any case, our 
data demand that future functional analyses simultane- 
ously consider the potential roles of all members of a 
particular subclass when examining a given-biologic 
process in which one member of that subclass has been 
functionally implicated. The ability of any member of a 
given ligand or receptor subclass to mimic other mem- 
bers, at least pharmacologically, should also prove use- 
ful for addressing the roles of Eph family members in 
vivo. 

The subclass designations we initially made based on 
in vitro binding and activation profiles were strikingly 
confirmed by staining whole embryos with receptor- 
bodies to define the in situ distribution of their ligands, 
or ligand-bodies to define the in situ distribution of their 
corresponding receptors. All receptors of a particular 
subclass identified similar ligand patterns in the embryo, 
while all ligands of a particular subclass detected similar 
receptor profiles. The distributions of receptors and li- 
gands were in many cases consistent with emerging 
evidence that Eph family members may be involved in 
axonal outgrowth or guidance (Henkemeyer et al., 1994; 
Winslow et al., 1 995; Drescher et al.. 1 995); for example, 
receptors recognizing the transmembrane class of li- 
gands were noted on peripheral sensory ganglia and 
motor axons, and receptors for both classes of ligands 
were found in many regions of the developing brain. 
However, the most striking impression resulting from 
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the examination of receptor and ligand distributions was 
that expression of a receptor subclass was often quite 
complementary and reciprocal to that of its cognate 
ligand subclass, such that mutually exclusive receptor 
and ligand expression seems to subdivide much of the 
developing embryo into discrete domains. These subdi- 
visions would not have been as readily apparent from 
distribution analysis of only individual members of a 
subclass, since each member accounts for only a por- 
tion of the composite pattern for that subclass. 

Eph receptors seem to encounter their ligands primar- 
ily at the interfaces of the domains defined by the Eph 
subclasses, apparently demarcating precise boundaries 
throughout the developing embryo. These boundaries 
were noted in the developing brain and spinal cord, in 
the limb, in the branchial arches, in the somites, and 
elsewhere, implicating the Eph family in the formation, 
maintenance, or refinement of domains and boundaries 
in multiple embryonic structures, both within and out- 
side of the developing nervous system. The strongest 
evidence for such a role for Eph family members has 
been obtained in the developing hindbrain. The binding 
studies presented here reveal that both the Eph ligands 
recently shown to be expressed in even-numbered 
rhombomeres (Htk-L/ELF-2 and Elk-L3; Bergemann et 
al., 1 995; Gale et al., 1 996) can bind to the Eph receptors 
(Sek1 , Nuk/Sek3, and Htk/Sek4) previously shown to be 
expressed in odd-numbered rhombomeres. Dysregula- 
tion of these reciprocal expression domains, by uni- 
formly expressing dominant negative versions of Sek1 
throughout the hindbrains- of developing Xenopus and 
zebrafish embryos, disrupts rhombomere specification 
(Xu et al., 1995), consistent with the notion that recipro- 
cal expression of Eph receptors and ligands in adjacent 
rhombomeres is critical for normal segmentation in the 
hindbrain; earlier findings (Davis et al., 1994) that Eph 
family ligands can function only when presented in a 
membrane-bound form may be critical for their precise 
actions only at boundaries between distinct, rhom- 
bomeres. 

The developing limb presents an important example, 
with many analogies to the emerging hindbrain story, 
of how the dynamic boundaries and domains defined by 
Eph family expression can be compared with previous 
domains defined by fate-mapping studies and by the 
expression of other important regulatory molecules. 
Early in development, Eph-definable domains in the limb 
bud appeared to correlate with the three presumptive 
proximodistal subdivisions of the developing limb de- 
fined by fate-mapping studies, the autopod, the zeugo- 
pod, and the stylopod. Later in limb development, the 
Eph-definable domains in the distal limb precisely distin- 
guished the developing cartilagenous digits from in- 
tervening regions that eventually regress and also 
marked the apical ectodermal ridge (at a stage in which 
it no longer has the ability induce outgrowth of the under- 
lying mesenchyme). Interestingly, expression of a mem- 
ber of the Wnt gene family, Wnt-5a, seems to similarly 
distinguish the three proximodistal regions of the early 
limb and later specifically marks the developing digits 
(Dealy et al., 1993); the expression of particular Hox 
genes has been correlated with these areas of Wnt-5a 
expression (Dealy et al., 1993). Retinoic acid receptors 
(RARs) can also form proximodistal gradients in early 



limb, and different members of this transcription factor 
family seem to distinguish the developing cartilagenous 
digits from the interdigital necrotic zone in later limbs 
(Tabin, 1991); in fact, expression of Eph family members 
can be regulated by retinoic acid (Bouillet et al„ 1995). 
Thus, in the developing limb, the domains and bound- 
aries reciprocally marked by Eph receptors and ligands 
appear to correspond to those previously defined by 
fate mapping and by the expression of other regulatory 
molecules such as the Wnts, homeobox genes, or reti- 
noic acid-binding transcription factors. These findings 
are very reminiscent of those in the hindbrain and sug- 
gest that the Eph family may be regulated by, and/or 
collaborate with, other signaling molecules, and in turn 
contribute to the process of shaping the developing 
limb, perhaps by refining or maintaining boundaries by 
providing repulsive or attractive cues, by regulating cell 
migration or axonal guidance into or out of particular 
domains, or perhaps by helping to specify domain-spe- 
cific characteristics. 

Our expression patterns also suggest major roles for 
the Eph family in the dorsoventral patterning of the spinal 
cord. The thin stripe of GPI-linked ligand expression 
that appears to bisect the developing neural tube dorso- 
ventrally (Figure 5D) may correspond to a boundary, 
previously marked by the expression of the cell-adhe- 
sion molecule F-cadherin as well as by members of 
the paired box (Pax) transcription factor family, across 
which cell mixing is restricted (Espeseth et al., 1995). 
This possibility suggests that other dorsoventral divi- 
sions marked by reciprocal expression of Eph receptors 
and ligands in the developing neural tube may also have 
functional significance consistent with the proposed 
roles of the Eph family in regulating cell migration, mix- 
ing, or specification and that the Eph family may critically 
interplay with particular cell-adhesion molecules and 
transcription factors in mediating these functions. 

The reciprocal expression patterns of Eph family re- 
ceptors and ligands seem to mark boundaries corre- 
sponding to several previously noted functional com- 
partments in the developing limb, hindbrain, and spinal 
cord. However, reciprocal Eph expression patterns we 
have noted also define many new boundaries in these 
and other structures that seem just as likely to be func- 
tionally important. We and others have noted intriguing 
relationships between the compartmentalization of Eph 
family members and an assortment of developmental^ 
important transcription factors, such as members of the 
Hox, Krox, Pax, and RAR gene families. Since the actions 
of these transcription factors depends on cell-to-cell 
communication, they must specify signals at the cell 
surface that mediate their actions. The Eph family, which 
provides an example of cell-surface receptors and their 
ligands that are reciprocally compartmentalized in the 
developing embryo, become prime candidates to pro- 
vide such cell surface signals, perhaps in collaboration 
with other important regulatory molecules such as mem- 
bers of the Wnt family and cell adhesion molecules. 

Experimental Procedures 

Construction and Preparation of Receptor- and Ligand-Fcs 
Ehkl-Fc. Eck-Fc. and Elk-Fc receptor-bodies have previously been 
described (Davis et al.. 1994), and Nuk-Fc, Sek1-Fc. Ehk2-Fc, Eph- 
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Fc, and Ehk3-Fc receptor-bodies and B61-Fc. Ehk1 L-Fc. Elf-4/ 
LERK4-Fc. ALI-Fc. HtkL-Fc. ELF1-Fc, and ElkL-Fc were similarly 
engineered and produced. 

Cloning of Eph Family Ligands 

The Efl-4 cDNA (subsequently found to be identical to LERK4) was 
originally cloned by an expression cloning strategy essentially as 
described (Davis et al., 1994), except that the cDNA library was 
constructed from the human osteosarcoma cell line 1438, which 
exhibited binding to several Eph family receptors including Ehk1 . 
Ehk2. Ehk3, and Eck. An Efl-5 cDNA fragment originally amplified 
from mouse hindbrain cDNA using degenerate primers (A. F. et al., 
unpublished data) was used as a probe to isolate a full-length Efl-5 
human coding region subsequently found to be identical to AL-1 . 
ELF-1 and Htk-L coding regions were amplified from embryonic 
mouse cDNA sources based on published sequence information 
(GenBank accession numbers U14941 and L38847). 

Cell Transfections and Binding Analysis 

C0S7 cells transient transfections were done using LipofectAMINE 
reagent and Opti-MEM I (GIBCO BRL) according to the instructions 
of the manufacturer. Binding to transfected cells was performed as 
previously described (Davis et al., 1 994). Fc-fusion proteins were 
quantitated by ELISA using anti-human antibody (Jackson Immuno- 
research) coated plates and an alkaline phosphatase-conjugated 
anti-human antibody (Promega) with the soluble substrate pNPP 
(Sigma). 

Receptor Phosphorylation Assays 

Receptor phosphorylation was determined as previously described 
(Davis et al., 1994) on cells that were 80%-90% confluent at the 
time of treatment and changed into serum-free media for 1-2 hr 
prior to stimulation. Cells were stimulated at 37 : C for 30 min using 
ligand-bodies at 500 ng/ml and clustering antibody at a final concen- 
tration of 17 p.g/ml (Jackson Immunoresearch, goat anti-human an- 
tibody). 

Whole- Mount Embryo Staining 

Embryos of the indicated stage were dissected in ice-cold PBS, 
blocked in blocking solution (BS: 10% goat serum, 2% BSA, 0.02% 
Na azide in PBS) for 1 hr. and then incubated with either COS 
cell supematants (with 10% calf serum) containing ligand-Fc or 
receptor-Fc, or purified Fc fusions at a concentration of 5 *ig/ml in 
BS. Embryos were then washed extensively with PBS and fixed with 
fresh 4% paraformaldehyde overnight. (Alternatively, to enhance 
visualization of surface staining, embryos were fixed briefly with 
-20 4 C methanol and subsequently rehydrated in PBS.) Fixed em- 
bryos were heat treated at 70"C for 60 min in PBS to kill endogenous 
phosphatases, reblocked in BS plus 0.1% Triton X-100 overnight, 
and then incubated with goat anti-human (alkaline phosphatase 
conjugated; Promega) at a 1 :1 000 dilution in BS. Embryos were then 
extensively washed in TBS plus 0.1% Triton X-100 and, following 
color development, embryos were postfixed in 4% paraformalde- 
hyde for 3 hr to overnight and were subsequently equilibrated in 
50% glycerol followed by 70% glycerol. 
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ABSTRACT Members of the Eph family of tyrosine ki- 
nase receptors have been implicated in the regulation of 
developmental processes and, in particular, axon guidance in 
the developing nervous system. The function of the EphA4 
(Sekl) receptor was explored through creation of a null 
mutant mouse. Mice with a null mutation in the EphA4 gene 
are viable and fertile but have a gross motor dysfunction, 
which is evidenced by a loss of coordination of limb movement 
and a resultant hopping, kangaroo-like gait. Consistent with 
the observed phenotype, anatomical studies and anterograde 
tracing experiments reveal major disruptions of the cortico- 
spinal tract within the medulla and spinal cord in the null 
mutant animals. These results demonstrate a critical role for 
EphA4 in establishing the corticospinal projection. 



Recent studies show that axons are guided to their targets by 
a system of guidance molecules, including Eph receptors and 
their ligands (1-3). The role of these molecules has been 
studied intensely in development of the visual system (4-6), 
where the reciprocal gradient expression of the Eph receptors 
in the retina and of their ligands in the optic tectum is the 
suggested basis for the formation of the retinotectal topo- 
graphic map. Other observations pertinent to the role of these 
molecules in the developing nervous system include axonal 
fasciculation and establishing brain commissures (7-9). 

The Eph family receptors can be divided into two groups, 
EphA and EphB, based on the sequence similarities of their 
extracellular domain (10). Each EphA receptor is able to bind 
several Ephrin A ligands that are associated with the mem- 
brane via a GPI-linkage; these receptors show little or no 
binding to the transmembrane Ephrin B ligands (11, 12). The 
EphB group of receptors show the reverse pattern, binding 
predominantly to Ephrin B ligands. An exception to this "rule" 
is the EphA4 (previously known as Sekl) receptor, which was 
found to bind significantly to some of the transmembrane 
ligands in addition to all of the GPI-linked ligands (11-13). 

EphA4 expression during development shows a defined 
spatiotemporal pattern within the developing forebrain, hind- 
brain, and mesoderm (14, 15). In the final stages of embryo- 
genesis, expression of EphA4 is found predominantly within 
regions of the central nervous system, including the cerebral 
cortex, striatum, thalamus, hippocampus, and ventral spinal 
cord. In the hindbrain, EphA4 shows restricted expression to 
rhombomeres 3 and 5 (14), which suggests a role of this 
receptor in establishing boundaries during embryogenesis. 
This notion is supported by overexpression of dominant neg- 
ative, truncated EphA4 receptor in zebrafish embryos. The 
resultant mutant embryos were found to have disruption in the 
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rhombomere boundaries and an expansion of the developing 
retina into the diencephalon (16, 17). The expression pattern 
of EphA4 coupled with the unique binding characteristics of 
this receptor suggests that loss of function of the EphA4 gene 
may affect neural patterning events. 

This report describes the generation of mice deficient in the 
EphA4 receptor. The EphA4 mutant mice displayed a gross 
motor abnormality in the hindlimbs. Anatomical analyses and 
anterograde tracing of cortical neurons demonstrated a severe 
disruption of the corticospinal tract (CST) in these animals. 
The CST is the single longest axonal projection in the mam- 
malian central nervous system (18). CST neurons arise from 
layer V in the neocortex and extend their axons through the 
forebrain, midbrain, and hindbrain and terminate at various 
levels of the spinal cord. In primates, the CST axons predom- 
inantly synapse directly with the spinal motor neurons whereas 
in the rodent, most of the cortical axons synapse with inter- 
neurons, which then connect to the spinal motor neurons. The 
EphA4 null mutant mice showed specific defects in the CST 
both at the level of the medulla and the spinal cord, which 
indicates that EphA4 is required for the correct formation of 
the CST, possibly by guidance of CST axons. 

MATERIALS AND METHODS 

Targeted Disruption of EphA4 Gene. For homologous re- 
combination, 5' Hindlll-Sacl 3-kilobase (kb) sequence and 3' 
EcoAll 1 1 -Bam HI 5.5-kb sequence flanking exon III were 
subcloned into the pKJl vector (Fig. 1). The vector contains 
the neomycin-resistance gene (neo) with the phosphoglycerate 
kinase (pgk) promoter and pgk polyadenylation signal. The 
W9.5 embryonic stem cell line was electroporated with the Sail 
linearized targeting construct and was selected with G418 for 
10 days. A total of 480 surviving clones were expanded, and 
homologous recombinants were identified by Southern blot 
analysis of genomic DNA from single clones digested with 
EcoRl. Two isolated clones with a single targeted mutation of 
EphA4 gene each were injected into (C57BL/6 x C57BL/ 
10)F 2 blastocysts. Chimeras were mated to C57BL/6 mice to 
produce heterozygotes. Southern blot analysis of tail DNA was 
used for genotyping the offspring. 

Whole-Mount and Tissue Immunocytochemistry and PCR 
Genotyping of Embryos. Whole-mount immunocytochemistry 
was performed with anti-EphA4 antibody (provided by D.G. 
Wilkinson of National Institute of Medical Research, Mill Hill, 
U.K.) as described (19), and color detection was carried out by 
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Fig. 1. Targeted disruption of EphA4 gene. (A) Partial map of the 
ephA4 genomic locus ( + / + ) with the targeting construct and the 
resulting targeted loci (o/o). The EphA4 targeting vector was designed 
to replace exon III (217-880 bp of EphA4 cDNA) (38) with the 1.8-kb 
neomycin selection gene. For homologous recombination, 5' Hindlll- 
Sad 3-kb sequence and 3' Eco41IU-BamHl 5.5-kb sequence flanking 
exon III were subcloned into the pKJl vector. Homologous recombi- 
nation would cause a frame shift in the EphA4 gene, resulting in a null 
mutant protein. The probe used for all Southern blot analyses was a 
1-kb genomic fragment containing exon II (149-216 bp) and EcoKl 
site. Ec, EcoRl; H, Hindlll; S, Sad; E47, £co47III; B, BamHl; Neo. 
neomycin gene; II, exon II; and III, exon III. (B) Genotype analysis of 
EphA4 homozygous (o/o), heterozygous ( + /o), and wild-type ( + / + ) 
animals. Genomic DNA was isolated from 0.5 cm tail tissue (39), was 
digested with EcoRl y and was subjected to Southern blot analysis using 
the 5' external probe shown in A. Alleles bearing the ephA4 mutation 
results in a 5-kb band whereas an 11-kb band was observed in the 
wild-type alleles. (C) Whole-mount immunocytochemistry of E 8.5 
embryos by using anti-EphA4 antibody. EphA4 is expressed in rhom- 
bomeres 3 and 5 (arrows) in heterozygotes (+/o), but no EphA4 
protein is detected in homozygous (o/o) mutants. The embryos were 
genotyped by PCR from yolk sac DNA. 

using 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetra- 
zolium (Promega) as substrate. For tissue sections, tissues were 
fixed for 24 hours in 4% paraformaldehyde and then another 
24 hours in fixative containing 30% sucrose. Frozen tissue was 
sectioned serially 50 /xm thick. Immunohistochemistry was 
performed by using anti-EphA4 antibody, and the same pro- 
tocol as for whole mounts, except the ABC Elite detection 
system (Vector Laboratories) was used to detect color stain- 
ing. 

Embryos were genotyped by PCR of yolk sac DNA (20) by 
using primer pairs PI CGTGCTACTTCCATTTGT- 
CACGTCCTG and P2 TGCCGTGATAGCAAATTTGAG 
or P3 AGGA AGTGAGCATTATGGATGA and P4 TGCTC- 
CTCGTGCCCAGCGTT. A 600-bp band was generated from 
the mutant allele between the neomycin primer PI and epliA4 
endogenous primer P2; a 645-bp product was generated from 
the wild-type allele between exon III primers P3 and P4. The 



PCR reaction was in a total volume of 50 ix\ and consisted of 
50-500 ng DNA, 30 pmol of each primer, 2.0 mM MgCl, 100 
/xM dNTPs, and 1 unit Taq polymerase (Roche, Gipf- 
Oberfrick, Switzerland), with the appropriate reaction buffer 
supplied by the manufacturer. The cycling reaction was 15 
cycles of 96°C for 30 sec. 70°C for 30 sec (- 1°C per cycle), and 
72°C for 1 min, followed by 20 cycles of 96°C for 30 sec, 55°C 
for 30 sec, and 72°C for 1 min. 

Histology. Histological examination was carried out on 
EphA4 homozygous, heterozygous, and wild-type littermates 
of embryonic day (E) 16 and 8- and 24-day-old mice. Embryos 
and adult tissues were fixed overnight in 10% formalin, were 
paraffin-embedded, and were sectioned serially 4 f±m thick. 
Sections were stained with either haematoxylin and eosin or 
luxol fast blue. 

In Situ Hybridization. For EphA4 mRNA expression, tissues 
were fixed overnight in 10% formalin, were paraffin- 
embedded, and were sectioned serially 4 pirn thick. In sitit 
hybridization was performed as described (21) by using 33 P- 
radiolabeled complimentary EphA4 RNA probe. The anti- 
sense probe was synthesized with T7 polymerase from the 
/f/'/idlll-linearized plasmid Bluescript KS, containing a 1.5-kb 
EcoRl fragment of 3' untranslated and C-terminal coding 
sequences of EphA4 (provided by D.G. Wilkinson). 

For expression of EphrinB3 mRNA, digoxigen in-labeled in 
situ hybridization was performed on frozen 20-/xm tissue 
sections as described (22). To generate the Ephrin B3 probe, 
Ephrin B3 cDNA was amplified by PCR from adult mouse 
brain cDNA by using primers TTAG A ATTCCCCGAGGAG- 
GAGCTGTAC and CT AG A ATTCTGC AGTCCC ACC AC- 
CCCG. The PCR product, which spans 551 to 953 bp of Ephrin 
B3 cDNA (13), was cloned into EcoRl site of Bluescript SK 
and was sequenced. The antisense probe then was synthesized 
with T3 polymerase from the ////zdlll-linearized plasmid. 

Surgery, Anterograde Tracing, and Tissue Processing. Cor- 
ticospinal axons and their terminal projections were labeled in 
5-week-wold mice by using the anterograde tracer biotinylated 
dextran amine (15%; (Molecular Probes). Two wild-type, one 
heterozygous, and three homozygous EphA4 mutant mice 
were used for these studies. The animals were anesthetized by 
injecting i.p. (10 jxl/g of body weight) a 1:1:6 ratio mixture of 
Hypnorm (Janssen), Hypernovel (Roche), and distilled H 2 0. 
Anesthetized animals had their head positioned in a stereo- 
taxic frame, and a craniotomy (3-4 mm in diameter) was made 
to expose the rostral half of the left cerebral hemisphere. Seven 
injections of 0.3 pA of tracer were made into the cerebral cortex 
at a depth of 0.5-1.0 mm below its surface by using a glass 
pipette (tip diameter of 50 /im) attached to a Hamilton syringe 
(23). The injections covered the whole sensorimotor region of 
the cerebral cortex. The number of injections, the injection 
sites, and the amount of tracer used per injection were kept 
consistent between control and mutant animals. The brain and 
spinal cord were perfused 7 days after the injection with 0.99c 
phosphate buffered saline and 4% paraformaldehyde in phos- 
phate buffer. The tissue was postfixed for 24 hours in 30% 
sucrose in buffered fixative. 

The free-floating sections were processed according to the 
method as described (24) to visualize the axons and terminals 
labeled by biotinylated dextran amine. Phosphate buffer (0.1 
M) was the vehicle for the immunoreagents and for rinsing 
after each of the following steps: (i) incubation in 0.3% 
hydrogen peroxide in methanol for 20 min to block any 
endogenous peroxidase activity; (h) incubation in Avidin- 
peroxidase (Sigma) diluted 1:5,000 in 0.1 M phosphate buffer 
and 0.75% Triton X-100 for 2 hours; and (Hi) processing for 
horseradish peroxidase histochemistry by using cobalt- 
enhanced diaminobenzidine reaction (25) for 8-10 min. This 
process stained the axons and terminals labeled with biotin- 
ylated dextran amine black. Transverse spinal cord sections 
were counterstained with haematoxylin. 
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Fig. 3. Labeled CST in normal ( + /+ and +/o) and EphA4 null mutant (o/o) mice. (A). Schematic representation of the corticospinal 
projection traced in mice. Multiple injections of the tracer were made in the motor cortex in the left cerebral hemisphere of adult mice. The labeled 
CST axons descend through the midbrain, pons, and pyramid in the medulla. In wild-type and heterozygous mice, the CST axons decussate at the 
medulla, crossing the midline traveling from left ventral to right dorsal, enter the dorsal funiculus of the spinal cord, and terminate predominantly 
in the dorsal horn contralateral to the tracer injections. In EphA4 null mutant mice, labeled CST axons appeared to terminate in the medulla and 
intermediate and ventral region of the spinal gray matter. Some labeled fibers were observed to recross the midline. (B) Transverse sections of 
medulla showing the decussation of labeled CST fibers travelling from left ventral (v) to right dorsal (d). In EphA4 o/o mice, many CST axons 
do not enter the dorsal column area. (Bar = 450 fxm.) (C and D) Transverse sections of cervical spinal cord showing area of dorsal funiculus (C) 
and dorsal horn (D). In wild-type animals, labeled CST axons terminate in the right dorsal horn (arrow). Injiomozygotes, axons project 
predominantly into the intermediate and ventral regions of the gray matter, and no labeled axons were observed terminating in the dorsal horn, 
cc, central canal; df, dorsal funiculus. (Bar = 125 /xm.) (E) Longitudinal sections of cervical spinal cord. CST axons in the right dorsal funiculus 
are seen in the midline. In homozygous animals, some CST fibers recross the midline and project to the gray matter ipsilateral to the tracer injections. 
(Bar = 300 /xm.) (F) Transverse sections of lumbar spinal cord. A reduced number of labeled CST axons was observed in the dorsal funiculus of 
the null mutant mice compared with normal. (Bar = 125 fun.) 



expression in the dorsal horns (Fig. 4C). These data indicate 
that EphA4 is not expressed in the CST axons but is found 
expressed in surrounding structures. 

To determine whether a ligand for EphA4 may be expressed 
in the CST, we analyzed the expression of Ephrin B3 within E 
18.5 mouse brain tissue (Fig. 5). Of the transmembrane 
ligands, Ephrin B3 binds to EphA4 with the highest affinity 
(12, 13). In situ hybridization with digoxigenin-labeled Ephrin 
B3 antisense probe detected strong expression within the 
sensorimotor cortex region (Fig. 5,4), thereby suggesting that 
Ephrin B3 is expressed in the motor neurons of the CST during 
its development. 

DISCUSSION 

The EphA4 null mutant mice were the first Eph receptor null 
mice to display a motor phenotype (7-9). This motor defect 
was more marked in the hindlimbs and the animals have an 



abnormal hopping gait. Analysis of the CST in these animals 
reveal a reduced number of CST axons in the lower spinal cord 
segments and an abnormal pattern of termination at higher 
segments of the spinal cord and medulla. This progressive 
diminution of the CST, relative to normal animals, along the 
length of the cord is consistent with the more marked motor 
defect observed in the lower limbs of these animals. There may 
be other motor defects in the mutant animals; however, 
preliminary tracing studies on spinal motor neurons have not 
detected aberrant projections to muscle (J. Coonan and M.G., 
unpublished observations). Additionally, it has been observed 
that some rats that have had their CST disrupted by transection 
also show a phenotype with a hopping gait similar to the 
EphA4 null mutants (B. Bregman, personal communication). 
Thus, a defective CST can account for the motor defect, albeit 
other unrecognized defects in the motor system also may be 
present in these mice. 

The perturbation of the CST in null mutant animals estab- 
lishes that EphA4 is required for CST development. During 
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Eph receptor tyrosine kinases and their ligands 
(ephrins) are highly conserved protein families impli- 
cated in patterning events during development, partic- 
ularly in the nervous system. In a number of functional 
studies, strict conservation of structure and function 
across distantly related vertebrate species has been con- 
firmed. In this study we make use of the observation 
that soluble human EphA3 (HEK) exerts a dominant 
negative effect on somite formation and axial organiza- 
tion during zebrafish embryogenesis to probe receptor 
function. Based on exon structure we have dissected the 
extracellular region of EphA3 receptor into evolutionar- 
ily conserved subdomains and used kinetic BIAcore 
analysis, mRNA injection into zebrafish embryos, and 
receptor transphosphorylation analysis to study their 
function. We show that ligand binding is restricted to 
the N-terminal region encoded by exon III, and we iden- 
tify an independent, C-terminal receptor-dimerization 
domain. Recombinant proteins encoding either region 
in isolation can function as receptor antagonists in ze- 
brafish. We propose a two-step mechanism of Eph recep- 
tor activation with distinct ligand binding and ligand- 
independent receptor-receptor oligomerization events. 



The Eph family of receptors signal by binding cell-surface 
proteins known as ephrins. Cell contact is thought essential for 
this process, as only membrane-associated or artificially clus- 
tered forms of the ephrins, which mimic cell-cell apposition, can 
cause receptor transphosphorylation and activation (1-3). In- 
ferred from sequence homologies, the structure of the Eph 
family is typified by an extracellular domain (ECD) 1 compris- 
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ing an N-terminal, cysteine-rich region, an EGF-like motif, and 
two fibronectin III repeats (4 — 6 J; however, the structural re- 
quirements and mechanism of receptor activation remain to be 
elucidated. 

Studies measuring Eph/ephrin binding affinities using arti- 
ficially clustered receptor ECDs suggest that Eph receptors 
and ephrins fall into the following two groups: EphA receptors 
interact preferentially with glycosylphosphatidylinositol- 
linked ephrins (ephrin-A), whereas those interacting preferen- 
tially with transmembrane ligands fephrin-B) are called EphB 
receptors (7). Within each group, Eph receptors display cross- 
reactivity with multiple ephrins (1, 8-12), However, receptors 
and ligands within a class do not show equivalent affinities, but 
rather display a distinct ordering (3, 12-14). These findings are 
in keeping with the specialized roles in the development of the 
visual system, observed for EphA3 receptors (MEK4/CEK4) 
and ephrin-A2 (ELF1) and -A5 ligands (AL1/RAGS) (14-18). 
Very similar functional and structural characteristics have 
been described for the zebrafish ephrin zEphL4, suggesting it 
as the orthologue of ephrin-A5 (19). 

The activation mechanisms for a number of other RTK sub- 
families have been elucidated. These include dimerization/ac- 
tivation of individual class I receptor chains through conforma- 
tional changes upon binding of soluble ligands. ligand-induced 
activation of preassociated, disulfide-stabilized heterotet- 
rameric type II receptors, and ligand dimer-induced activation 
of type III receptors (reviewed in Ref. 20), Both moriomeric and 
dimeric ligands are known to induce rapid receptor dimeriza- 
tion, and for some monovalent RTK ligands, the critical role of 
an intrinsic receptor dimerization interface for receptor activa- 
tion and biological function has been demonstrated (211. Little 
is known about the composition of Eph*ephrin signaling com- 
plexes. Importantly, the demonstration of stable human 
EphA3-ephrin-A5 complexes in solution, revealing a strict 1:1 
stoichiometry <3>. the ability of soluble forms of ephrin-Ao to 
act as a signaling antagonist (2). and the notion of distinct 
signaling pathways for dimeric and higher oligomeric receptor 
complexes <22) suggest that models of dimerization/activation 
for other RTK may not adequately describe the formation of 
active signaling complexes for Eph receptors. 

To understand further Eph/ephrin interactions and the 
mechanisms of Eph receptor activation, we dissected the hu- 
man Eph A3 ih-EphA3) ECD into structural subdomains. and 
through RTAcon* analysis we identified a unique N-terminal 
domain that is sufficient for h-ephrin-A5 iLERKTi binding. By 
adopting a dominant negative approach to disrupt zebrafish 
embryogenesis (23. 24). we confirmed the function of the fi- 
gand-binding domain in vico. The same approach allowed char- 
acterization of a distinct C-terminal domain which mediates 
ligand-independent dimerization of the EphA3 ECD. The role 
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of these two domains in receptor activation was confirmed in 
transphosphorylation assays. By taking into account the 1:1 
stoichiometry of the h-EphA3/h-ephrin-A5 interaction (3), the 
"mass action" model suggested by Nakamoto et al. (17) from 
functional studies, the receptor dimerization mechanism of the 
PDGF receptors (25), and the data presented here, we propose 
a stepwise receptor activation mechanism. In our model, high 
affinity- interactions between ephrin-A on the leading edge of 
migrating cells and the N-terminal ligand binding domain of 
EphA receptors on opposing cells leads to clustering of EphA 
receptors. A sufficiently high local concentration of ephrin-A 
will facilitate accumulation of receptors to a critical concentra- 
tion that triggers oligomerization through their C-terminal 
receptor/receptor interaction domain and leads to receptor 
transphosphorylation and signal transduction. 

MATERIALS AND METHODS 
Isolation and Mapping of hEphA3 Genomic Clones — The h-EphA3 
cDNA probes used to screen the human genomic libary were PCR 
fragments amplified from plasmids containing full-length h-EphA3 
cDNA. The primers used were probe A (spans 74-1161 bp as described 
by Wicks et aL (58) GTAGGAATTCCTCTCACTGCCCTCTGC and GT- 
AGGGATCCGGCCTCCTGTTCCAG, probe B (1053-1124 bp) GTAGG- 
AATTCCATGG CTTGTACCCGAC and GTAGGGATCCCATAATGCT- 
TGCTTCTC, probe C (2-186 bp) ATGG ATGGTAACTTCTCCAG and 
TCATTGGAAGGCTGCGGAAT, and probe D (spans 909-1404 bp) 
GTAGTCTAGACAAGCTTGTCGACCAGGTTT and GTAGTCTAGATC- 
AAGCCTGATTAGTTG TGATGC. The mouse genomic library was 
screened with a MEK4 fragment cut from a plasmid subcloned with 
MEK4 cDNA (kindly provided by E. Pasquale, University of California, 
San Diego). The cDNA fragment spans 582-899 bp of MEK4 sequence 
(26). 

The genomic libraries used were as follows: human in A FIX II vector 
(Stratagene Cloning Systems, La Jolla), mouse in A FDC II vector (Strat- 
agene), and A DASH II vector (kindly provided by F. Kontgen). Approx- 
imately 10 6 plaques from each library were screened by high stringency 
hybridization with radiolabeled probes as described above. Positive 
clones were identified by autoradiography, purified by subsequent 
screenings, and isolated using standard methodology (27). Exon-intron 
boundaries were determined by a combination of direct DNA sequenc- 
ing, PCR, restriction analyses, and Southern blotting. Direct DNA 
sequencing of the genomic A phages and subcloned plasmid was per- 
formed using the ABI 373 DNA sequencer (Applied Biosystems, Mel- 
bourne, Australia). Sequencing and PCR primers used to characterize 
the h-EphA3 gene from human genomic clones were based on the 
h-EphA3 cDNA sequence. 

The exons found within the mouse genomic clones were amplified by 
PCR using degenerate primers specific to EPH-like RTKs, GTAGGCAT- 
GCAAGGAGA C(AC)TT(CT)AACC and CCf AG)ATGGGNACCAGC- 
CA(CT)TC. The PCR products were then directly sequenced as de- 
scribed above (Applied Biosystems) using the degenerate primers. 

Production of sh-EphA3 and sh-EphA3 Subdomains in CHO Cells — 
The h-EphA3 ECD and N-terminally FLAG- tagged h-EphA3 proteins 
were prepared from transfected Chinese Hamster ovary (CHO) cell 
supernatants as described (3, 28). Deletion mutants of h-EphA3 were 
prepared by PCR using oligos based on the exon boundaries. h-EphA3 
III and IV were constructed using a 5' oligo based on the the N terminus 
of the mature protein (29) with a 5' Xbal site I GTAGTCTAGAGAACT- 
GATTCCGCAGCCTTCCAA) and 3' oligos based on sequences spanning 
exon rv (GTAGTCTAGATCATGGAGGTCGGGTACAAGC) and 3 
< GTAGTCTAGATCAAGCTTGGC AC ATAAAACCTC >. respectively, fol- 
lowed by a stop codon and an Xbal site. Construct IX used a 5' oligo 
designed to span the 5' end of exon IV with a 5' Xbal site (GTAGTCTA- 
GAC AAGCTTGTCGACCAGGTTTC ) and a 3' oligo based on the C ter- 
minus of the exodomain with a stop codon and flanking Xbal site 
( GTAGTCTAGATCATTGGCTACTTTC ACC AGAG). In each case the 
PCR products were cloned into the interleukin-3 signai-FLAG-pEFBOS 
vector as described previously (3 f 28). DNA was electroporated into 
CHO cells, and high producer clones were selected by "dot blot" screen- 
ing of culture supernatants on polyvinylidene difluoride membranes 
and the expected size of the recombinant proteins confirmed by SDS- 
PAGE and Western blot analysis using M2 anti-FLAG mAb and rabbit 
anti-mouse AP-tagged mAb for detection by enhanced chemilumines- 
cence (ECL; Amersham). 

Deletion mutants were purified on M2 anti-FLAG affinity columns 



and eluted with FLAG peptide according to the manufacturer's instruc- 
tions. Homogenous preparations ( >95% by SDS-PAGE and silver stain- 
ing) were obtained by anion exchange (Mono Q, 5 x 50 mm, Pharmacia. 
Uppsala, Sweden) and size exclusion chromatography tSuperose 12. 
10 x 300 mm, Pharmacia, Uppsala, Sweden i. The identity and concen- 
tration of the purified h-EphA3 proteins in the final preparations were 
confirmed by N-terminal amino acid sequence analysis and amino acid 
analysis, and where applicable, their native conformation was con- 
firmed on the BlAcore as described <28). 

Production of FLAG -tagged Ephrin-A5 — h-Ephrin-A5 containing an 
N-terminal FLAG peptide was purified from transfected CHO cells and 
tested for its specific binding to sh-EphA3 as described (3). 

Synthesis of sh-EphA3 -derived Peptides— The peptides according to 
the amino acid sequence encompassing residues Glu 1 to Gly 31 (h-EphA3 
1-31) of sh-EphA3 was assembled by solid-phase peptide synthesis 
according to standard protocols, purified by reverse phase-high pres- 
sure liquid chromatography, and their masses confirmed by mass 
spectrometry. 

Analysis of the Interaction between sh-EphA3 Constructs and Ephrin 
A5 — The binding of various h-EphA3 constructs and derived peptides 
was analyzed on the BlAcore optical biosensor (Pharmacia Biosensor 
Sweden) using purified h-EphA3 ECD or ephrin-A5-FLAG-derivatizec 
CM 5 sensor chips, and the interaction kinetics were determined as 
described (3). For the analysis of the binding of the h-EphA3 construct.' 
to h-EphA3 (subdomain)-derivatized sensor surfaces, difference sensor 
grams were derived by subtraction of the response on a parallel channe. 
containing a non-relevant protein as described (28). The effect o* 
h-EphA3-derived peptides on the interaction of h-EphA3 with eph 
rin-A5 was tested by incubating a constant concentration of the liganc 
with increasing amounts of peptide prior to analysis on a h-EphAc 
ECD-derivatized sensorchip. The affinity surface was regenerated be 
tween subsequent injections of samples with a 35- fd injection of 50 m*: 
1,2-diethylamine, 0.1% Triton X-100, followed by two washes with 
BlAcore running buffer (Hepes buffered saline, 0.005% Tween 20). 

Fish Care and Embryo Collection— Wild type zebrafish were ob 
tained from St. Kilda Aquarium (Melbourne, Australia) and were kepi 
essentially as described (30). Embryos were obtained by natural spawn 
ing between a small number (4-10) of male and female fish. Embryo; 
were removed from the spawning tanks within 20 min of fertilization 
cleaned in system water, and transferred to the injection apparatus. 

RNA Synthesis — Constructs equivalent to full-length h-EphA3 EC! 
(h-EphA3 I- VII) and h-EphA3 IV-VII were generated by PCR from th* 
constructs described above. In each case the 5' oligo was based on th( 
interleukin-3 signal sequence and the 3' oligos were as above excep 
that Bglll sites were used to clone the PCR products into the pSP64Tr 
vector. mRNA from the h-EphA3 constructs and a control E-GFP cDNV 
construct were transcribed in vitro using the mMessage mMaker ki 
(Ambion, Texas) and resuspended in water at a concentration of 0.: 
mg/ml in small aliquots. Integrity of the RNA was checked by denatur 
ing gel electrophoresis of the resulting products. Immediately prior t< 
injection, aliquots of h-EphA3 I— III, h-EphA3 I-IIV. or h-EphA3 IV-VI 
were thawed and mixed with water and E-GFP mRNA to a final con 
centration such that either 100, 10. or 1 pg of the receptor mRNA anc 
5 pg of the E-GFP mRNA were delivered to each embryo. 

RNA Microinjection— Approximately 600 pi of RNA dissolved in wa 
ter at various concentrations was injected into one, two, or four cei 
embryos under a Wild stereo microscope using Leitz micromanipulator. 
(Leitz. Wetzlar, Germany) and compressed nitrogen. The needle wa: 
positioned under the blastoderm in the region of cytoplasmic streaming 
Successful injection was judged in the first instance by a visible bolus o 
fluid in the embryo. Uptake and translation of mRNA by the embry. 
was measured by including 5 pg of mRNA encoding E-GFP as a marke 
in each injection. Injection of over 100 pg of E-GFP mRNA per embry. 
does not cause developmental defects. The translation of the injecte< 
h-EphA3 mRNA was measured at intervals during embryogenesis b; 
Western blotting and BlAcore analysis. 

Western Blot and BlAcore Analysis of Zebrafish Ly sates — Ten em 
bryos per sample were lysed in embryo lysis buffer (0.1 ml. 25 m> 
Tris-HCl. pH 7.4. 0.5 m NaCl. 1*3- Triton X-100>. and the lysate wa. 
cleared by centrifugation -60 min. 1 < 10" -< g) and stored at -SO °( 
until use. For comparison. CHO cell-derived h-EphA3 I-VII and sub 
domain constructs (as indicated) were added to zebrafish lysate. and al 
samples were extracted individually using 7.5 pl\ of packed anti-FLAt 
<M2) agarose «IBI. Kodak), washed (0.5 ml each* with lysis buffer an« 
butfer. and eluted from the atfinity resin with 2 ■: 15 yX or 0.15 mg/m 
FLAG peptide in butfer. Parallel samples were either separated b 
SDS-PAGE. electroblotted and probed with biotinylated anti-FLAG M 
mAb ilBL Kodak" followed by horseradish peroxidase-derivatize- 
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Fig. 1. Genomic organization of the ECD of EPH-like RTK 
genes and identification of the ligand-binding subdomain. a, 
exon structure of the h-EphA3 ECD; exon I contains the first 88 bp of 
the coding sequence including the signal peptide, and together with 
exon II encodes the first 31 residues of the mature protein (58). Exon III 
encodes 10 of the 20 conserved cysteine residues characteristic of this 
subfamily. Sequence alignment (59) suggested no significant homology 
between exon III and known protein domains, although the C terminus 
of exon III contains the CnCXCX3fGYnC motif reminiscent of the C 
terminus of an EGF-like domain (33, 60). Exon IV shows an unambig- 
uous EGF consensus (60), and exon V and exons VI and VII together 
match the previously denned fibronectin domains (61). The sequences 
for intron-exon splice junctions matched with the "GT-AG" rule (62). A 
clone containing h-EphA3 exon II was not obtained, and its boundaries 



streptavidin (Boehringer Mannheim J for enhanced chemiluminescence 
detection (ECL, Pierce), or analyzed on the BIAcore. For BlAcore ex- 
periments, sensorchips were derivatized with anti h-EphA3 mAb II1A4 
as described (28). Lysates of zebrafish embryos which had been injected 
with h-EphA3 I-III RNA or h-EphA3 IV-VII RNA were analyzed in 
parallel, and the amount of sh-EphA3 I-III and sh-EphA3 IV-VII quan- 
titated by comparison to known amounts analyzed in parallel samples. 
A linear correlation (r = 0.998) between increasing concentration of 
added protein and BIAcore response was obtained routinely. 

Analysis of Developmental Defects— The effects on embryonic growth 
of each of the injected mRNAs was measured in two ways. Embryos 
were allowed to grow for 12-13 h after fertilization (five to eight somite 
stage (3D); their gross morphology was noted under a dissecting micro- 
scope, and the perturbation of early patterning gene expression was 
assayed by in situ hybridization using DIG-labeled RNA probes. Em- 
bryos were scored as defective if a typical pattern of gene expression 
was disrupted. 

Transphosphorylation Assays — Soluble forms of the h-EphA3 recep- 
tor representing combinations of subdomains (exons I-VII, exons I-III, 
exons IV-VII, and exons V-VII) were incubated with M2 anti-FLAG 
antibody in a 2:1 molar ratio to allow cross-linking of two h-EphA3 
subdomain proteins. Phosphorylation of LK63 cells (32) with preformed 
complexes of M2 antibody and soluble recombinant proteins was done 
as described (3). The lysates were initially immunoprecipitated with 
protein A-Sepharose for 30 min at 4 °C. The lysate was removed from 
the beads and transferred onto IIIA4 anti HEK-Trisacryl beads (Sepra- 
cor/IBF, Villeneuve la Garenne, France), and a second round of immu- 
noprecipitation was carried out for 2 h at 4 9 C as described previously 
(3). Both the protein A and IIIA4 beads were washed three times in 
phosphate-buffered saline with 0.05% Tween 20 and 0.1 mM orthovana- 
date. The immunoprecipitates were subjected to 7.5% SDS-PAGE and 
electroblotted onto Hybond ECL nitrocellulose membranes ( Amersham, 
Australia). The Western blots were probed using an anti-phosphoty- 
rosine mAb (PY20, ICN Immuno-Biologicals, Costa Mesa, CA) and 
developed using the ECL Western blot analysis kit (Amersham, Aus- 
tralia). The membranes were stripped and re-probed with a rabbit 
polyclonal antiserum raised against h-EphA3 (rabbit anti - HE K). 

RESULTS 

Expression of Receptor ECD Subdomains — To analyze the 
structural basis of the h-EphA3 receptor/ephrin-A5 ligand in- 
teraction and receptor activation, we analyzed the function of 
isolated subdomains derived from the complete h-EphA3 ECD. 



were inferred from the 5' and 3' junctions of exon I and exon III, 
respectively. Introns interrupting h-EphA3 cDNA coding sequence as 
described (58) were found to occur at 89 bp (5' of exon II), 155 bp (5' of 
exon III), 817 bp (5' of exon IV), 974 bp (5' of exon V), 1311 bp (5' of exon 
VI), 1438 bp (5' of exon VII), and 1601 bp (5' of exon VIII). The exons 
found within the mouse genomic clones of SEK1, BSK, and ESK were 
found to have identical borders as h-EphA3 with respect to the protein 
coding sequence. 6, ECD subdomains according to the exon structure of 
sh-EphA3, depicted in Fig. 2a. The domains are illustrated as differ- 
ently shaded bars: □, exons I and II; H, exon HI; ■, exon IV; ^, exon V; 
^, exons VI and VII. c, recombinant h-EphA3 proteins, encoded by 
exons I-VII, I-IV, I-III, IV-VII, and produced as described under 
"Materials and Methods" were analyzed by SDS-PAGE and silver stain- 
ing. The doublet bands of h-EphA3, h-EphA3 I-VII, and h-EphA3 
IV-VII are due to glycosylation heterogeneity. 3 In CHO cells apprecia^ 
ble expression levels and the expected apparent molecular sizes were 
found for h-EphA3 I-VII (the FLAG-tagged version ofh-EphA3 encoded 
by exons 1-7, 68 kDa), h-EphA3 I-IV (36 kDa), h-EphA3 I-III (33 kDa), 
h-EphA3 IV-VII (40 kDa), and h-EphA3 V-VII (36 kDa, not shown), d, 
association rate constants (■), derived from BIAcore raw data using the 
BIA evaluation software for the binding of h-EphA3 subdomain pro- 
teins (15.6-500 nM) to h-ephrin-A5 -derivatized sensorchips. e , apparent 
dissociation constants were estimated from the kinetic rate constants 
according to K D = kjk 0 . The mean and standard deviation from esti- 
mates at five different concentrations are shown (■). In addition, equi- 
librium responses were used to estimate the apparent equilibrium 
dissociation constants (□). f, samples containing 40 nM h-ephrin-A5 and 
1 nM to 10 /xM of a synthetic peptide according to the h-EphA3 sequence 
encoded by exons I and II (A), 1 nM to 1 sh-EphA3 I-III (□), 10 nM 
to 5 sh-EphA3 IV-VII (x), or 10 nM to 1 *lm sh-EphA3 I-VII (O) were 
injected onto a sh-EphA3 -derivatized sensorchip. The residual re- 
sponses are illustrated as percent of total response in the absence of 
competitor. 
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For the design of stable subdomains. we analyzed the h-EphA3 
gene structure and found that exon-intron boundaries of h- 
EphA3 ECD genomic clones aligned with clones of the mouse 
EphA4 (SEK1), EphA5 (BSK), and EphAl (ESK) genes. 2 To- 
gether with data on the chicken EphB2 (CEK5) gene (33) and 
splice variants of other Eph-like RTK (26, 34), this suggests a 
highly conserved exon structure within the Eph subfamily (Fig. 
la). Comparison of ECD sequences of h-EphA3 and its mouse 
(MEK4) and chicken (CEK4) homologues (26) demonstrates the 
highest amino acid sequence identity (99.5 and 98.3%, respec- 
tively) is found in the exon Ill-encoded domain (Fig. 16). The 
structure of the domain encoded by exons II and III was ana- 
lyzed in detail, addressing previous reports that this region 
consisted of an N-terminal Ig-like domain and a C-terminal 
cysteine-rich region. Sequence data base comparisons and 
alignment of the h-EphA3 exon II and III sequences with 
known Cl, C2, and V set Ig domains and a number of EGF 
domains using the ALIGN program (35) showed features of the 
C-terminal half of an EGF domain in the most C-terminal exon 

III- encoded region, but no homology more N-terminally, 
whereas homology to an Ig-like motif was not found within this 
region. 

The defined exon boundaries were used to demarcate cDNA 
domain deletion mutants of the h-EphA3 ECD for expression as 
FLAG epi tope-tagged proteins in CHO cells (Fig. 1c) and, fol- 
lowing in vitro transcription into mRNA, for expression in 
zebrafish embryos (Fig. 2). The proteins are identified through- 
out by roman numbers according to their corresponding exons. 
The exon III- and exon IV-encoded portions of the h-EphA3 
receptor correspond to domains described as globular and cys- 
teine-rich domains in a recent report on the functional dissec- 
tion of the EphB2 receptor (36). Thus, the FLAG fusion pro- 
teins h-EphA3 I— III, h-EphA3 I-IV, and h-EphA3 VI-VTI 
directly relate to the EphB2-alkaline phosphatase (AP) fusion 
proteins a 280-AP," "331-AIV and "CEK5AGlob-AP" (which in- 
cludes an exon Ill-encoded part), respectively (36). 

We obtained homogenous proteins from CHO cell superna- 
tants by anti-FLAG affinity and size exclusion chromatogra- 
phy; SDS-PAGE and silver staining of the purified proteins 
revealed apparent molecular sizes as predicted from the amino 
acid sequence and putative glycosylation sites (Fig. lc). Dou- 
blet protein bands for h-EphA3, h-EphA3 I-VII, and h-EphA3 

IV- VII are likely due to the glycosylation heterogeneity of 
these proteins; h-EphA3 derived from transfected glycosyla- 
tion-deficient Lec4 CHO cells (37), with unchanged ability to 
bind h-ephrin-A5, appear as single bands on silver-stained 
SDS-PAGE. 3 Interestingly, no expression was observed for any 
of the protein constructs containing the exon Ill-encoded do- 
main, but lacking the first 31 amino acids of h-EphA3 (encoded 
by exons I and II), suggesting impaired translation or stability 
of these constructs. 

Identification of the EphA3 Ligand-binding Domain — In or- 
der to characterize the ligand-binding region of the h-EphA3 
receptor, the individual binding affinity of each of the ECD 
subdomains for the h-EphA3 ligand was assayed using an 
h-ephrin-A5-derivatized BIAcore sensorchip. A kinetic analysis 
demonstrates high affinity interactions for the binding of h- 
EphA3 I-VII (the FLAG-tagged version of the h-EphA3 ECD 
encoded by exons I-VII), h-EphA3 I-IV, and h-EphA3 I— III. 
with affinities in the same range iK d , 18-72 nM, Fig. 1, d and 
e" 1 reported previously for the binding of h-ephrin-A5 to sensor 
chip-immobilized h-EphA3 (3). No binding of h-EphA3 IV-VII 
was observed at any of the tested concentrations (16-500 nM), 



* M. Dottori and A. W. Boyd, unpublished observations. 
' M. Lackmann and L. Kravets, unpublished observations. 
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Fig. 2. Expression of exogenous h-EphA3 I-VII, h-EphA3 I-III, 
and h-EphA3 VT-VH in zebrafish embryos by Western blot and 
BIAcore analysis, a, samples of 12 hpf zebrafish lysate (10 embryos/ 
0.1 ml) containing denned amounts of CHO cell-derived h-EphA3 I- VI I, 
h-EphA3 I-III, and h-EphA3 IV-VII were immunoprecipitated with 
anti-FLAG mAb (M2) agarose and analyzed by Western blots with 
anti-FLAG mAb, visualized by enhanced chemiluminescence (lanes 
1-3). Zebrafish embryos injected with 10 pg of either h-EphA3 I-VII, 
h-EphA3 I-III, or h-EphA3 IV-VII mRNA were lysed after 5 or 10 h ( 10 
embryos/0.1 ml) and analyzed in parallel lanes of the gel (lanes 4-9), 
Lanes 1 and 2, CHO cell h-EphA3 I-VII and h-EphA3 IV-VII, 15 and 10 
ng, respectively; lane 3, 10 ng of CHO cell h-EphA3 I-III; lanes 4 and 5, 
h-EphA3 I-VII RNA injections, 5 and 10 hpf: lanes 6 and 7, h-EphA3 
Vl-VII RNA injections; lanes 8 and 9, h-EphA3 I-III RNA injections, 5 
and 10 hpf. 6. parallel samples of zebrafish lysates from h-EphA3 I-III' 
RNA-injected embryos (100 pg/embryo), collected 5, 10, 15, and 24 h 
post-fertilization were extracted on M2 agarose, and the FLAG peptide 
eluate was analyzed on a BIAcore sensorchip which had been deriva- 
tized with the conformation-specific anti h-EphA3 mAb IIIA4. The 
BIAcore response was used to estimate the h^EphA3 I-III abundance by 
comparison with identically treated samples* of CHO cell-derived h- 
EphA3 III at a known concentration. 

localizing the ligand binding site to the exon I-III-encoded N 
terminus of h-EphA3. Very similar apparent dissociation con- 
stants for the h-EphA3 ECD and h-EphA3 I-VII (72 ± 15 and 
62 ± 12 nM, Fig. le) suggest that an N-terminal addition of the 
FLAG peptide has no effect on the interaction between h- 
EphA3 and its ligand. Substantially lower dissociation con- 
stants (Le. higher affinities) of 18-29 nM due to increased 
association rate constants (Fig. Id) were observed for the h- 
EphA3 subdomain constructs h-EphA3 I-IV and h-EphA3 
I-III. In-solution competition with an exons I- and II-encoded 
synthetic h-EphAS^! peptide, and with the FLAG-tagged h- 
EphA3 IV-VII construct, did not inhibit the receptor/ligand 
interaction at concentrations up to 10 u.m. whereas addition of 
h-EphA3 [-VII or h-EphA3 I-III resulted in a dose-dependent 
reduction of the BIAcore response [Fig. 1/V Taken together, 
these results imply that the cysteine-rich domain encoded by 
exon III of h-EphA3 is necessary and sufficient for ligand 
binding. 

Soluble EphA3 Ligand Binding Subdomain Induces a Dom- 
inant Negative P he no type in Zebrafish — To confirm the binding 
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studies we analyzed the effect of ectopic expression of receptor 
constructs h-EphA3 I— III (ligand binding domain) or h-EphA3 
IV-VII . which shows no ephrin-A5 binding, on zebrafish devel- 
opment. We have recently characterized developmental defects 
in the formation of somite boundaries in zebrafish embryos 
induced by introduction of either soluble h-EphA3 ECD or 
h-ephrin-A5 as signaling antagonists. 4 A similar dominant 
negative approach has been used earlier to evaluate the role of 
EphA4 signaling in forebrain and hindbrain formation (23). 
These authors expressed kinase domain deletion constructs of 
m-EphA4 in zebrafish embryos to disrupt the function of the 
endogenous orthologue by forcing heterodimerization with the 
exogenous mutant receptor (23, 24). In a modification of this 
approach, we anticipated that expression of the h-EphA3 li- 
gand binding domain during zebrafish development should be 
sufficient to block endogenous receptor/ligand interactions by 
competing for binding to endogenous ligand. On the other 
hand, expression of the regions of the ECD that cannot bind 
ligand should not mediate these antagonistic effects. 

Thus, the effects of constructs h-EphA3 I-VII, containing the 
entire ECD, h-EphA3 I— III, encompassing the ligand binding 
domain, and h-EphA3 IV-VII, encompassing the remainder of 
the ECD (and incapable of h-ephrin-A5 binding) on zebrafish 
development were analyzed. The corresponding mRNAs, de- 
noted h-EphA3 I-VII RNA, h-EphA3 I-III RNA, and h-EphA3 
IV-VII RNA, respectively, were introduced into zebrafish em- 
bryos by microinjection. A widespread distribution of the exog- 
enous proteins throughout the embryo was observed as indi- 
cated by the uniform expression pattern of the GFP protein 
(Fig. 3f). FLAG epitope-containing proteins with the same mo- 
lecular weights as the corresponding proteins expressed in 
CHO cells were detected by Western blot (Fig. 2a) at similar 
abundance of all three constructs in the embryos at 5 and 10 
hours post-fertilization. This suggests equivalent expression of 
all mRNAs throughout the time frame of the experiment. By 
using the native conformation-specific, anti-h-EphA3 mAb, 
IIIA4 (28, 29), we quantitated the expression level of exoge- 
nous, biologically active h-EphA3 I-III by BIAcore analysis of 
lysates from zebrafish embryos, which had been injected with 
h-EphA3 I-III RNA (Fig. 26). As shown previously for h-EphA3 
I-VII and h-ephrin-A5, 4 there was an initial steep rise in ex- 
pression h-EphA3 I-III leading to a plateau after 15 h (Fig. 26). 

Embryos injected with 1 pg or 10 pg of sh-EphA3 I-HI RNA 
per embryo developed a syndrome indistinguishable from that 
described for the full-length h-EphA3 I-VII RNA (Fig. 3 c and 
d). 4 The defects noticed in embryos between 11 and 15 h post- 
fertilization (hpf), by comparison with non-injected control em- 
bryos (Fig. 3, a and 6), included most prominently a disruption 
of somite boundaries (Fig. 3, c and d) coincident with a reduced 
height of the dorsal axis from the surface of the yolk cell (Fig. 
3c). Furthermore, a disorganized anterior neuraxis and re- 
tarded tailbud development were observed (Fig. 3c). To monitor 
nonspecific effects on embryogenesis, which may have been 
caused by injection of mRNA and expression of foreign protein, 
embryos were injected with E-GFP or the soluble, FLAG- 
tagged ECD of deleted in colo-rectal cancer (DCC) (38), a major 
guidance receptor known to be involved in embryogenesis. Al- 
though expression of the soluble FLAG-tagged DCC construct 
induces a defined nerve guidance defect in Xenopus embryos, 
and despite high levels of exogenous protein expression, we 
could not detect any developmental defects in E-GFP or DCC 



4 M. Lackmann, A. C. Oates, M. Dottori, F. M. Smith, C. Do, L. 
Kravets, C. Brennan, M. Power, N. Holder, and A. W. Boyd, manuscript 
submitted for publication. 

6 J. M. Gad and H. M. Cooper, personal communication. 




Fig. 3. Ectopic expression of the exon I-IH- but not of the exon 
IV-VII -encoded h-EphA3 subdomain affects the development of 
zebrafish embryos, a-/", zebrafish embryos, uninjected or injected 
with 5 pg of marker mRNA and with 10 pg of either h-EphA3 I-III or 
h-EphA3 VI-VH RNA during the first two cleavage divisions, were 
raised at 28 °C. After 12-13 h embryos viewed by light microscopy were 
photographed from a lateral perspective in a, c, e, and /"with dorsal to 
the right and anterior up, and from a dorsal perspective (6 and d) with 
anterior up in each frame. The areas of somite development are indi- 
cated by brackets. Embryos shown are representative of the phenotype 
in groups of 29-89 embryos as indicated in Fig. 5. a, a non-injected 
zebrafish embryo at 12-13 hpf showing normally developed optic vesi- 
cle, forebrain, and tail-bud. The embryo has covered more than V* of the 
perimeter of the yolk cell with head and tail approaching each other. 
Somite formation in the trunk in a regular, periodic pattern is indicated 
by the bracket. 6, dorsal view of the same embryo revealing clearly 
distinguishable neuraxis and somites. The bracket on the right-hand 
side indicates a region of paraxial mesoderm that underwent somite 
formation, c, a zebrafish embryo at 12-13 hpf after microinjection with 
10 ng of h-EphA3 I-III RNA displaying severe anterior defects, includ- 
ing a reduced size of the optic vesicle as well as an absence of mid- and 
hindbrain segmentation. The gap between the tail region (tail bud is 
missing, open arrowhead) and the head region (optic vesicle barely 
visible, closed arrowhead) is widened substantially compared with the 
non-injected embryo (a). The region of the trunk that normally would 
form somites is indicated by the bracket (compare with a). The dark line 
around perimeter of the yolk is a photographic artifact due to the 
contrast needed to show the details of somite formation in the embryo 
during light microscopy, rf, dorsal view of the h-EphA3 I-III RNA- 
injected embryo. Comparison of the left and right sides of the trunk 
region of affected embryos as indicated by the bracket reveals heavily 
disorganized somite boundaries, e, a 13-hpf embryo after injection with 
10 pg of h-EphA3 I-III RNA. The morphology of this embryos is indis- 
tinguishable from the non-injected control shown in a. As in c, the dark 
line around perimeter of the yolk is a photographic artifact due to the 
contrast needed to show the details of the embryo during light micros- 
copy. f y the same embryo viewed under epifluorescence illumination to 
illustrate the translation of co-injected E-GFP marker mRNA demon- 
strating widespread and high level expression of the exogenous 
proteins. 
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Fig. 4. In situ hybridization analysis of h-EphA3 mRNA in- 
jected embryos. Embryos were left untreated (a and 6) or injected 
with 10 pg of either h-EphA3 I-III RNA (c and d) or h-EphA3 IV-VII 
RNA (e and /), allowed to develop for 12 to 13 hpf, and fixed for in situ 
hybridization with pax-b, hlx-1, krox20, and myoD DIG-labeled ribo- 
p robes. Embryos are photographed from a dorsal perspective with an- 
terior to the top and posterior to the bottom of each frame; a, c, and e, 
postero -dorsal view; b, d aiid f, antero-dorsal view, a and 6, un injected 
embryo at 12 hpf showing normal expression of hlx-1 in the ventral 
forebrain, pax-b in the midbrain, krox20 in rhombomeres 3 and 5 of the 
hindbrain and myoD in the paraxial mesoderm. A regular, serially 
repeated pattern of myoD staining illustrates the somites. Cells ex- 
pressing pax-b. hlx-1 , and krox20 have migrated toward the midline and 
form tight bands marking forebrain (hlx-1), midbrain (pax-b), and hind- 
brain (krox20). c and d, h-EphA3 I-III RNA (10 pg)-injected embryo at 
12 hpf showing pax-b and krox20 expressing cells in the left part of the 
mid- and hindbrain displaced from the midline. An intact hlx-1 stripe is 
present anteriorly. The myoD staining of the paraxial mesoderm sug- 
gest that the somite boundaries are out of register across the midline 
and reveal a distinctly twisted midline, e and f, dorsal views of embryos 
injected with h-EphA3 IV-VII RNA. demonstrating normal expression 
of hlx-1. pax-b, krox20 [c), and myoD id). The distinctive twist in the 
neuraxis of affected embryos is missing and the pax-b and krox20 
expressing cells are also symmetrically distributed lateral to the 
midline. 

mRNA-injected embryos as judged by the criteria of our exper- 
iments I Fig. 3/' and data not shown). 

The similarity of the phenotype due to h-EphA3 I- VII RNA 
and h-EphA3 I-III RNA injection was also evident by analysis 
of marker gene expression; in situ hybridization with probes to 
hlx-1 (39), paxb (40). krox20 (41h and myoD (42) revealed 
abnormal patterns consistent with the morphological defects 
observed in the live embryos (Fig. 4, c and d). In particular. 
myoD-expressing cells were disarrayed along the paraxial mes- 
oderm indicating a disruption of somite formation, giving the 
track formed by myoD-expressing, adaxial mesoderm cells ad- 



jacent to the midline a distinctive twist (Fig. 4c). A single 
axially located stripe of hlx-1 expression suggested an intact 
ventral forebrain region. Non-injected control embryos (Fig. 4, 
a and b) or embryos injected with E-GFP alone (not shown) did 
not show these defects in the expression of myoD. In contrast, 
no apparent developmental defects were detected in embryos 
injected with either 1 or 10 pg of h-EphA3 IV-VII RNA per 
embryo, either by gross morphological criteria (Fig. Ze) or by 
analysis of marker gene expression * Fig. 4, e and f). Ubiquitous 
expression of the co-injected E-GFP mRNA (Fig. 3/) and West- 
ern blot analysis (Fig. 2a) during the period of development 
under analysis indicated that the protein was both widely and 
highly expressed. 

The ability of h-EphA3 I-III but not of h-EphA3 IV-VII to 
mimic the developmental disruption caused by h-EphA3 I- VII 
implies that the subdomain responsible for mediating the spe- 
cific, dominant negative effect of the EphA3 ECD on zebrafish 
development is encoded in the first three exons. This finding is 
consistent with assignment of the ligand-binding domain to 
exon III by BIAcore analysis of ligand binding affinities. 

High Concentration of C-terminal Domain Protein Induces 
Disruption of Somite Formation — We observed a linear, dose- 
dependent increase in the number of affected embryos when 
the amount of injected h-EphA3 I-EQ RNA was increased from 
1 to 100 ng per embryo, whereby the increase in defective 
embryos paralleled the increase in concentration of the ex- 
pressed protein (Fig. 5a). As before, only a small number of 
defective embryos were observed at low and moderate concen- 
trations of h-EphA3 IV-VII RNA (1 and 10 pg/embryo, Fig. 4, e 
and /"and Fig. 5a), whereas at high concentrations, the propor- 
tion of affected embryos injected with sh-EphA3 IV-VII RNA 
was similar to the proportion of defective sh-EphA3 I-III RNA- 
injected embryos (Fig. 5a, 100 pg/embryo). Importantly, the 
phenotype of animals injected with 100 pg of sh-EphA3 IV-VII 
RNA was indistinguishable from the defects resulting from 
injection of either the entire h-EphA3 ECD or the ligand bind- 
ing domain alone, as judged by morphology and the expression 
of marker genes (Fig. 56). Thus the C-terminal portion of the 
receptor ECD encoded by exons IV-VII mediates a ligand- 
independent dominant negative effect on zebrafish somite for- 
mation and axial organization. 

Transphosphorylation Assays Suggest Ligand-independent 
h-EphA3 Dimerization— -This dominant negative-effect at high 
h-EphA3 IV-VTI concentration can be explained by the occur- 
rence of heterodimers between intact endogenous receptors and 
the h-EphA3 IV-VII protein which are acting to block receptor 
function. This notion, implying the existence of a dimerization 
interface outside the ligand-binding region was supported by 
BIAcore analysis of the binding of h-EphA3 I-VII, h-EphA3 
I-III, and h-EphAo IV-VII to a sensorchip derivatized with 
h-EphA3. We demonstrated binding of h-EphA3 IV-VII at mi- 
cromolar concentrations that was characterized by a slow off 
rate, yielding an apparent dissociation constant of 3 /xm. Mar- 
ginally weaker binding was observed for the h-EphA3 IV— VII 
construct, whereas :he interaction of h-EphA3 I— III had a 
substantially lower affinity (Table ~.k 

To test further the hypothesis of a dimerization interface, we 
performed in vitro irans phosphorylation assays of h-EphA3. 
constitutively expressed in LK 63 cells (29). Transphosphoryl- 
ation of the receptor by cross-linking with anti-h-EphA3 mAb 
IIIA4 during immunoprecipitation or by incubation with mAb 
cross-linked ephrin-Ao-FLAG complexes has been demon- 
strated previously 29). In the latter experiments 20—30 nM 
ephrin-A5-mAb complex had been used to induce receptor 
transphosphorylation. The approximately 100-fold lower affin- 
ity of the receptor/receptor interaction (Table I) compared with 
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Fig. 6. Transphosphorylation analysis of ligand-independent 
receptor dimerization. Induction of phosphorylation of endogenous 
h-EphA3 in parallel cultures of LK63 cells with preformed M2-mAb 
complexes of FLAG-tagged h-EphA3 rV-VII (lane A), h-EphA3 I— III 
(lane B\ or h-EphA3 I-VII (lane C). The endogenous receptor bound to 
the exogenous receptor-subdomain complex is recovered by immunopre- 
cipitation with protein A (ProtA) and analyzed by Western blot with 
PY20 anti-phospho tyrosine antibody (top panel). The corresponding 
supernatant is extracted with anti-h-EphA3 IIIA4 mAb and again an- 
alyzed by PY20 Western blot (middle panel). This blot is stripped and 
further probed with a polyclonal anti-h-EphA3 antiserum (bottom 
panel). 



DISCUSSION 

While Eph receptors have been shown to mediate key func- 
tions in embryogenesis, the mechanisms of ligand binding and 
receptor activation underlying these functions remain to be 
defined in detail. It is clear that only membrane-bound or 
artificially dimerized or clustered soluble ligands will mediate 
activation of Eph receptors (43) including h-EphA3 (3), and 
soluble monomelic h-ephrin-A5 has been shown to act as an- 
tagonist of receptor activation (2). Recently the role of higher 
order receptor oligomers has been studied, demonstrating that 
full biological activation is only achieved once a tetrameric 
receptor aggregate is generated (22). Our analysis of the stoi- 
chiometry of soluble h-ephrin A5 binding to the h-EphA3 ECD 
unambiguously confirmed a one-to-one interaction (3). The 
event(s) that follow ligand binding, leading to receptor oli- 
gomerization and cell signaling, remain to be defined. This 
study sought to further our understanding of this first step of 
receptor activation through the analysis of functional domains 
of the h-EphA3 ECD both in vitro and in vivo. 

The highly conserved subdomain architecture of the ECD of 
Eph receptors coincides with a conserved exon structure (this 
paper and Ref. 33). A study of interspecies sequence homologies 
between human, murine, and chicken EphA3 revealed high 
homology throughout but with a ranking of exon sequence 
identities, the strongest evolutionary constraint (>99% iden- 
tity between mouse and human) being on exon III (Fig. 1, a and 
6). Regions of the ECD demarcated by exon boundaries were 
expressed in CHO cells, and the proteins were purified to 
homogeneity. A kinetic analysis, using plasmon resonance de- 
tection of binding of the various subdomains to BIAcore sens- 
orchip-immobilized h-ephrin-A5 clearly localized the ligand 
binding sequences to those encoded by exons I— III. The affinity 
for the interaction of this smaller ligand binding domain ofK D 
= 18 nM was well within the range reported previously for the 
binding of ephrin-A5 to sensorchip-immobilized h-EphA3 kK d 
= 12 nM (3)) but was somewhat higher than the affinity esti- 
mated for the binding of the h-EphA3 ECD to sensorchip- 
immobilized ephrin-A5 (K D = 62-72 n.\i, Fig. Ie). Correspond- 
ingly increased association rates of the smaller subdomain 
constructs (Fig. Id) and of the ligand (3) suggest that higher 
diffusion rates and improved access to the binding interface of 
the smaller proteins may explain this apparent affinity 
increase. 

In seeking to further narrow the binding region, we note that 
exon I contributes only seven non-conserved residues, but both 
exons II and III show very high sequence identity across spe- 
cies (Fig. 1). Attempts to express exon III without exon II 



sequences were unsuccessful, and expression of protein was not 
detected. However, in-solution competition experiments with a 
peptide corresponding to the exon I- and II-encoded residues oi 
the receptor ECD showed no effect on binding. Taken togethei 
with the homology data, these results suggest that exon Ill- 
encoded sequences are directly involved in ligand binding, 
whereas exon II is not involved but is required for a stable 
protein domain structure. Furthermore, attempts to express e 
C-terminal . truncated form of exon III, terminating after cys 
teine 186 (corresponding to cysteine 191 of EphB2), resulted ir 
low yields of high molecular weight protein aggregates, sug 
gesting the importance of this C-terminal sequence for the 
structural integrity of this domain. These findings are in gen 
eral agreement with a recent study of the chicken EphB2 anc 
EphA3 receptors (36). By using a different approach the au 
thors also identified the critical role of the N-terminal region ii 
ligand binding. Although they did not analyze the contributior 
to protein secretion, stability, or ligand binding of the N-termi 
nal, exon I- and II-encoded subdomain denoted in their repor 
as "signal peptide," successful expression of N-terminalh 
FLAG-tagged proteins in our study suggests that this signa 
peptide is not cleaved from the receptor ECD during secretion 
Furthermore, restricted C-terminal truncations of exon III se 
quences in their study resulted in reduced ligand binding af 
finity (36), suggesting that most or all of exon III is required fo: 
high affinity binding. Together, these findings, emphasizinj 
the structural importance of the N- and C-terminal sequence; 
of the N-terminal half of the EphA3 ECD, support our conclu 
sion that exons II and III encode an integral structure rathe: 
than, as previously assumed, discrete globular and cysteine 
rich subdomains. 

Organization from defined structural building blocks witl 
distinct regions of sequence conservation is a common featur* 
of RTKs (44). As our data imply for EphA receptors, the regioi 
of highest sequence conservation within several subfamilie: 
including the fibroblast growth factor receptors delineates th< 
ligand-binding interface. In the case of the fibroblast growtl 
factor receptors, ligand binding is encoded by Ig domains II ant 
III, both of which independently bind fibroblast growth factors 
Similarly, the PDGFR, c-Kit, TrkR, and Fltl RTKs use multi 
pie Ig repeats to bind ligand (21, 45-47), whereas the insulin I 
ligand-binding site spans two unique N-terminal a-subuni 
domains (48) and ErbB binds EGF through the region betweei 
two Cys-rich domains, with some contribution from the N ter 
minus (49-51). In the Eph family the ligand-binding site i; 
characterized as a single structural domain which, despit* 
reported weak similarities to Ig-like (4, 52) or laminin VI (36 
domains, appears to be unique to this family. The notion of ; 
single exon II- and Ill-encoded protein domain is also sup 
ported by an evolutionary argument based on intron phas* 
analysis i53). The 5* end of exon II and the 3' end of exon III ar 
phase 1 (i.e. interrupting the coding triplet after one base* 
whereas the intron between exons II and III is phase 0, imply 
ing that it arose through insertion into an ancestral codin; 
sequence. 

To analyze further the role of isolated receptor ECD subdo 
mains in vivo, we modified a dominant negative strategy ii 
zebrafish. previously used to study EphA4 signaling in fore 
and hindbrain formation during zebrafish embryogenesis < 24 > 
Inhibition of RTK signaling by expression of kinase-deleted o 
truncated forms of the receptor, either in a ligand-dependen 
(23, 24. 54) or -independent manner (55, 56), is well estabiishe< 
(reviewed in Ref. 44). We used our observation that expressioi 
of exogenous soluble EphA3 or ephrin-A5 resulted in a charac 
teristic developmental defect in somite development and axia 
organization 4 to probe ihe function of ECD subdomains. A 
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rupted ^ ^-eptor construe^ ». ^ ^ 

Since the n-EpnAd iv vu pxv FnhA3 can bind 

f endogenou. raptor J» P™*"^ T^d-tadependrnt man- 
to. di»r»pU« of A. ™ge»»« «- 

cptor P« Mm /. on *'„?? "fuming the «tt.«llul.r .p.« 

ti-FLAG »Ab cro^-UAed form. » f " ""J p^vil 

critic. ~»T'»^ 3 l^h ^M-YI. 



precisely define the region mediator * *™ e ""*°^5£ 
nary zebrafish studies with h-EphA3 IV-V and h-EphA3 V-VI1 
suSest that dimerization is mediated by exon TV sequences. 
"Sfe presence of a ligand-indeoendent dimerization domain 

^an^^ 

lieand Of most relevance to the results presented, ligand 
Xendent activation at high receptor density J- 
onstrated using high level expression of PDGFR in bts c 

(2 ?he identification of distinct receptor --""J*^ Z- 
lmand-binding and receptor dimerization at different con 
SSssuggesS a stepwise ^syUe^^ 
\- « fnr FnhA receptors and ephrin-A hgands. In our moaei, an 

(d.p.»d.„« on r««Pt»^S»d 
ica? component of the E P h-rece P tor signaling system. 
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Genomic organization and alternatively processed forms of Cek5, a 
receptor protein-tyrosine kinase of the Eph subfamily 
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•pie genomic organization of Cek5, a receptor tyrosine 
kinase of the Eph subfamily, was elucidated utilizing a 
strategy involving PCR amplification of Cek5 genomic 
DNA. Cek5 is the first Eph-related kinase for which the 
exon- tron structure of the entire coding region has been 
decer. *ned. The Cek5 gene spans over 35 kb and 
comprises at least 16 exons. The exon-intron structure 
of Cek5 can be correlated with the proposed domain 
structure of the Eph subfamily, with the exception of an 
lg motif in the extracellular domain. Intron positions in 
the Cekf gene coincide with the locations of the 
deletions, substitutions, or insertions that have been 
descried in a number of Eph-related kinases. This 
suggc s that alternative processing plays a major role in 
generating the structural variability observed in the Eph 
subfamily. Consistent with this hypothesis, analysis of 
the Cek5 gene indicated that: (i) a variant form of Cek5 
containing an insertion in the juxtamembrane region 
(Cek5 + ) arises through the use of alternative 5' splice 
sites, and (ii) a soluble form of Cekf comprising only the 
extracellular domain (Cek5s) may exist, which originates 
by a rnative polyadenylation. RT-PCR analysis and 
RNase protection assays revealed the expression of both 
Cek5-f- and CekSs at various stages of chicken 
development. 

Keywords: exon-intron structure; alternative splicing; 
alternative polyadenylation; domain structure; gene 
Tamil v 



Introduction ~~ 

Receptor protein tyrosine kinases transduce signals 
across the plasma membrane: the binding of their 
cognate ligands to the extracellular domain results in 
catah ic activation, autophosphorylation and phos- 
phor ition on tyrosine of cytoplasmic substrates (van 
der Geer et aL, 1994). They are categorized into 
subfamilies based upon structural similarities (van der 
Geer et aL, 1994). Receptor tyrosine kinases of the Eph 
^family are characterized by a conserved cysteine- 
n ch region and two fibronectin type III repeats in the 
^traceilular domain and a highly conserved cytoplas- 
mic kinase domain (Tuzi and Gullick, 1994; van der 
t aL, 1994). In addition, a juxtamembrane 
<jornam and a carboxy- terminus flank the kinase 
domain and are not highly conserved. The presence 
°i an Ig-Uke domain at the extreme amino-terminus of 
lhe extracellular domain has also been tentatively 
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proposed (O'Bryan et aL, 1991). The Eph subfamily 
currently represents the largest branch of receptor 
tyrosine kinases, comprising at least thirteen distinct 
genes. Based on their expression patterns, the Eph- 
related kinases are likely to be important in develop- 
mental processes as well as in the maintenance of adult 
tissues and in cell transformation (Tuzi and Gullick, 
1994). Although the specific functions of individual 
members of the Eph subfamily are still undefined, the 
preferential expression of many Eph-related kinases in 
embryonic as well as adult neural tissues suggests 
important functions in the nervous system (Sajjadi and 
Pasquale, 1993; Tuzi and Gullick, 1994; van der Geer 
et aL, 1994). Roles for the Eph subfamily in pattern 
formation, neuronal survival, axon growth and 
pathfinding have been proposed (Nieto et aL, 1992; 
Pasquale et aL, 1992, 1994; Becker et aL, 1994; 
Henkemeyer et aL, 1994). Direct evidence that the 
Eph-related kinases are indeed receptors was provided 
by the recent identification of their activating ligands 
(Bartley et aL, 1994; Beckmann et aL, 1994; Cheng and 
Flanagan, 1994; Davis et aL, 1994; Bennet et aL, 1995; 
Kozlosky et aL, 1995; Winslow et aL, 1995), including 
the Cek5 ligand (Shao et aL, 1994). 

Cek5 (Chicken embryo kinase 5) is a member of the 
Eph subfamily that was identified by screening a 10- 
day chicken embryo cDNA expression library with an 
anu-phosphotyrosine antibody (Pasquale, 1991). Cek5 
is expressed throughout embryogenesis in nearly all the 
chicken tissues examined, whereas in the adult it is 
predominantly expressed in the nervous system 
(Pasquale, 1991). The amino acid sequences of the 
mouse (Nuk) and human (Erk) homologs of Cek5 
(Henkemeyer. et aL, 1994; Kiyokawa et aL, 1994) 
indicate a high level of conservation for this gene. Erk 
mRNA is normally expressed in various adult human 
organs and exhibits highest expression levels in the 
placenta, brain, colon and thyroid (Kiyokawa et aL, 
1994). Cek5 and Erk are overexpressed in a number of 
tumor cell lines and tissues (Kiyokawa et aL, 1994; 
Scans et aL, 1994), suggesting a possible role for the 
Cek5/Erk gene in cell transformation. The human Erk 
gene has been localized to chromosome lp34-35 
(Kiyokawa et aL, 1994). 

Two different forms of Cek5, designated Cek5 and 
Cek5 + , were previously identified by screening a 10- 
day whole chicken embryo cDNA expression library 
(Sajjadi and Pasquale, 1993). Cek5 + contains 48 
additional nucleotides which encode a sixteen amino 
acid insertion located in the juxtamembrane region. 
Variant forms of other Eph-like receptors have been 
reported. Variant forms of chicken Cek7 (Siever and 
Verderame, 1994; and unpublished observations) and 
its rat homolog Ehk-1 (Maisonpierre et aL, 1993) 
contain deletions in their extracellular regions and " 




truncations or substitutions in their carboxy-termini. In 
addition, variant forms of Cek7 and CeklO contain an 
insertion in their juxtamembrane regions which is 
distinct from that of Cek5 + (Sajjadi and Pasquale, 
1993; Siever and Verderame, 1994). Finally, a soluble 
form* of Mek4 is comprised of the truncated 
extracellular domain of the Mek4 receptor and seven 
unique amino acids at the carboxy-terminus (Sajjadi et 
al % 1991) and transmembrane forms of Ehk-3/MDKl 
lack the catalytic domain and the carboxy-terminus 
(Ciossek et aL, 1995; Valenzuela et aL, 1995). To 
determine whether these different forms of the Eph- 
related kinases arise as a result of alternative splicing 
or are the products of distinct genes, the genomic 
organization of the kinases of the Eph subfamily 
requires analysis. Here we describe the genomic 
organization of the Cek5 gene and propose that it is 
representative of that of the other genes of the Eph 
subfamily. The exon-intron structure of the Cek5 gene 
corresponds to the proposed structural domains of the 
Eph subfamily, with the exception of the extracellular 
domain Ig motif. The genomic sequence of Cek5 
predicts the existence of at least three different Cek5 
alternatively processed forms, which presumably have 
distinct functions. The expression of each Cek5 variant 
form during embryonic development was demonstrated 
using reverse transcription-polymerase chain reaction 
(RT-PCR) analysis and ribonuclease (RNase) protec- 
tion assays. * 



Results 

Southern blot analysis 

Since two different Cek5 cDNAs, Cek5 and Cek5 + , 
have been identified (Sajjadi and Pasquale, 1993), 
Southern blot analysis of chicken genomic DNA was 
carried out to determine whether Cek5 is a single gene. 
Recombinant A phage containing a genomic fragment 
of Cek5 (see Figure 2) was also used for comparison. 
Both the phage and chicken genomic DNAs were 
digested using various restriction enzymes and trans- 
ferred to nylon membranes for probing. When a cDNA 
probe to the extracellular region of Cek5 was used 
(comprising nucleotides 212 to 566), single bands of the 
same size were observed for both chicken genomic 
DNA (Figure IB) and recombinant A phage (Figure 
1A) With a probe comprising genomic sequences 
between nucleotides 1627 and 1795, single bands were 
also observed (Figure 1 C). These data confirm that a 
single Cek5 gene is present in the chicken genome. 

Exon-intron organization of the Cek5 gene 
PCR was used to analyse the genomic organization of 
the Cek5 gene. Either genomic DNA or A phage DNA 
containing Cek5 genomic sequences were used as 
templates for PCR amplification. By amplifying using 
various sets of primers and sequencing the resultant 
PCR products, as well as by directly sequencing A 
phage DNA, the locations and sizes of introns and 
exons were -determined throughout the coding sequence 
of the Cek5 gene (Figure 2 and Table 1) : In some cases 
primers were designed by predicting intron positions 
based on the domain structure of Cek5, while in other 



cases primers were designed -according to the known 
locations of the few introns previously identified h» 
other Eph-related kinases (Mara et al., 1988; Chan and 
Watt, 1991; Sajjadi et aL, 1991). The Cek5 gene * 
comprised of at least 16 exons and 15 introns and 
spans a minimum of 35 kb. Since genomic sequence* 
upstream of the initiation ATG were not identified, 
exon numbering was based on the assumption t "at the 
first exon contains the 5' untranslated sequences ^s well 
as the sequences encoding the signal peptide. Exon 16 
encodes the carboxy-terminus of Cek5 and at least 
1055 nucleotides of 3' untranslated sequence. A 
polyadenylation signal is present downstream of the 
stop codon (Pasquale, 1991). However, this polyade- 
nylation signal is not followed by a poly(A) tail in the 
available cDNA clone that contains this r e gi oa 
(Pasquale, 1991), suggesting the presence of least 
one additional polyadenylation signal in exon 16. 
Amplification with primers flanking three introns did 
not result in detectable products, even under conditions 
which allowed the amplification of control templates of 
at least 1 1 kb (not shown). Therefore, the sizes of these 
three introns are probably too large for PCR 
amplification. Minimum size estimations for these 
introns were based on the mapping of , phage 
genomic clones (Figure 2). The sequences of the 
exon/intron junctions are shown in Table 1. The 
dinucleotide sequences at the beginning of all the 
introns match the consensus sequence characteristic of 
a 5' splice donor site (gt), while the final two 
nucleotides of all introns match the consensus 
sequence characteristic of a 3' splice acceptor site (ag). 

Members of the Eph family of receptor |rosine 
kinases have been suggested to contain an Ig ubmaia 
(O'Bryan et aL, 1991), a cysteine rich region and two 
fibronectin type III repeats in the extracellular domain 
(Pasquale, 1991). When intron positions are compared 
to the location of these domains (Figure 3), it * 




Figure 1 Southern analysis of genomic DNA. (A) /. p- * 
containing Cek5 5' end genomic sequences (shown sch. . 0 
in Figure 2B); (B and C), chicken genomic DNA. The D. 
each lane was digested with the restriction enzymes indica 
and B) were probed using a 32 P-labcled cDNA P c 
corresponding to residues 212-566 of Cek5. The probe i 
was prepared by random priming of chicken genomic DI V idl ^j 
was amplified by PCR using primers corresponding to res ^ 
1627-1646 of the Cek5 sense strand and 1776-1795 o ^ 
antisense strand. A was exposed for lh without ^'-^^eo 
screen; B and C were exposed for 2 days with intensif; 
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^nt" that the proposed fibronectin type III 
ain s are encoded b y either one (amino-tenninal) 
(carboxy-terminal) discrete exons. The three 
Loos at positions 1000, 1336 and 1624, which are at 
^boundaries of the two fibronectin type III repeats, 
5* the reading frame between the first and second 
Jlcotide of a codon (phase 1) (Patthy, 1991) (Table 
Thi arrangement typifies the genomic organization 
/fibroaectin type III modules (Schwarzbauer et aL, 



1987; Patthy, 1991; O'Grady et al. t 1994). In contrast, 
the 5' end of the Cek5 coding sequence contains an 
unusually large exon (exon 3, 685 bp) (Blake, 1985) 
and no exon/intron junction is found at the carboxy- 
terminal boundary of the postulated Ig domain. This is 
not consistent with the expected genomic organization 
of sequences encoding Ig domains, which are typically 
comprised within one or two discrete exons (Williams 
and Barclay, 1988). 



Table I Summary of exon/intron junctions 



Exon size (bp) ? Splice donor 



Intron size (bp) 



¥ Splice acceptor 



Intron position Phase 



2431 



Op" 1 

I 
1 
3 
4 



1 
% 
1 
0 

a 
a 

0 
M 
15 
16 



GTGGAAG 

65 CTCAGGGgtgagagt 

685 TGC AGAGgt aac c c c 

156 TGCACCAgtatttgg 
336 CAGGCTG 

1 25 TG AG AAGgt a c t gc g 

163 ACTGAAGgtgagtct 

1 09 GC AAC AGgt aggt c a 

116 CTCTTCGgtttgtgt 

1 24 GGGGC AGgt aggt ga 

247 CTTGAGGgtatgaaa 

217 CGCACTGgtaaagct 

149 TCAAGATgtgagttg 

194 C CTCTGGgt at gcat 

157 CTGTAGAgtaagtgc 
> 1104 



>2.5 k tcctgcagAGACGCT 

4.0 k g t c t c c agTGGG AAG 

>12k GCTGCCC 

950 ccttatagCCATCCC 

>2.5 k tcttgcagCTCCTTC 

4.3 k cttggcagAACCTGA 

619 cctttcagCCGAGTA 

341 ctttccagAAGACGG 

2.5 k ttacacagTGACTCC 

380 gttcacagGGGAGTT 

700 tttcctagCAAAATG 

1.0 k tcctgtagGGTGGAA 

1.3 k tgctgcagGTGATAA 

300 t gt 1 1 c agGGTTAAC 

2.9 k c t c c aaagGGAC ATT 
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101 256 

863 1071 

1030 _ 1321 

X 1417 

1372 1601 

1590 1795 

1590 1B3I 

1590 1973 

1844 23881R 

2076 2388IR 

. . 23881 2569 

1 I 2413 2569 

4 kb 2413 2784 

2413 2931 

2627 _ 2784 

2627 2931 

2820 2931 

2909 3992 

Figure 2 Genomic organization of Cek5. (A) schematic representation of the exon/intron organization of the Cekf igene. The 
posi >ns and approximate sizes of the exons are shown by filled boxes. Exon numbering was based on the minimal ^umpuon _that 
the ; ,rst exon contains the 5' untranslated sequences as well as the sequences encoding the signal peptide. Since this was not verified 
My «b?E£& by an asterisk, herons are indicated by honzontai lines. The segments that have not been cha-ctenzed 
(all wilhin introns) are indicated by gaps. (B) recombinant i phage clones used for mapping the Cek> gene. ^°^ U X SI n ^ n ^ 
restriction enzyme EcoR I are indicated by vertical bars. (C) PGR products used for mapping Oie ^ 5 ^ - ^ D ^ 
indicates the location of the most 5' nucleotide of the forward and reverse pnmers with respect to the Cekf i cDNA sequence 
V^c M^ZLics that the Agtll reverse P rimer TrGACACCAGACC^CT<^TA^ "^^JJ™ 
forarnpiification; 23881 indicates that a primer located within the intron at position 2388 ^ (^^C^AC^^G^^) was 
used as the forward primer: 2388IR indicates that a primer located within the intron at posmon 2388 ^ C ACTCCT(^GTO 
pAAAAG) was used as the reverse primer for amplification. Templates for PCR ampuficauon were either the phage clones shown 
1,1 P or chicken genomic DNA 
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To determine whether other known protein motifs 
are present in the extracellular region of Cek5 
following the signal peptide and preceding the 
fibronectin type III motifs, the amino acid sequences 
encoded by exons 2, 3 and 4 were used separately to 
search protein databases for homologous sequences. 
This strategy was chosen because protein motifs are 
typically encoded by discrete exons (Patthy, 1991; 
Bork, 1992; Doolittle, 1992). Exon 2 did not exhibit 
significant homologies with other known protein 
sequences. The carboxy-terminal portions of exons 3 
and 4 contain the sequence CnCxCnC (where C 
represents cysteine, n a stretch of 12 to 15 amino acids 
and x any amino acid), which is similar to the 
sequence found at the carboxy- terminus of epidermal 
growth factor (EGF) modules (Sudhof et aL, 1985; 
Davis, 1990). Highest similarity scores were obtained 
between the consensus sequences CxCxxG(Y/ 
F)xxxxxGxxC (residues 261-277 in exon 3) and 
GxxxCxCxxG(Y/F) (residues 307-317 in exon 4) 
and the corresponding regions of the EGF repeats 
of extracellular matrix proteins such as fibrillin, 
tenascin and thrombospondin. These sequence simila- 
rities suggest that exon 4 and the carboxy-terminal 



portion of exon 3 (corresponding to residues 205 -o* 
of Cek5) have a structure related to that of Eq? 
modules. * 

Genomic sequences involved in generating a CekS 
juxtamembrane region variant 

Since Cek5 was shown to be a single copy £ _*ne b» 
Southern analysis (Figure 1), Cek5 and Cek5 + , ^ 
two variant forms of Cek5 previously identified by 
screening a 10-day embryo cDNA library (Sajjadi ajj 
Pasquale, 1993), must be derived from the san* 
genomic DNA as a result of alternative splicin, 
Cek5 + is characterized by a 48 nucleotide insertion 
in the juxtamembrane region. To investigate 
splicing mechanism by which this inser Dn is 
generated, Cek5 genomic DNA was amplii.ed by 
PCR using primers which flank the juxtamembrane 
region. A single product was obtained (data not 
shown). Its sequence revealed that the insertion 
immediately follows the sequence of exon 9 and 
corresponds to the first 48 bp at the 5' end of a 
2.5 kb intron located between bases 1801 and 1802 of 
the Cek5 cDNA sequence (Figure 4A). The f st two 
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Figure 3 Position of the introns in the Cek5 gene relative to the domain structure of the Eph subfamily. The domain structure of 
Cek5, which is conserved within the Eph subfamily and consists of a signal peptide, a cysteine-rich region, two fibronectin type HI 
repeats (FN-III-1 and FN-III-2), a transmembrane domain (TM), and a cytoplasmic region (Pasquale. 1991), is shown 
schematically. The position of ;he "introns relative to the domain structure of Cek5 are indicated by arrows. Exon numbering ' s 
indicated. Variant forms that have been identified for a number of the Eph-rclated genes (Sajjadi et a/., 1991; Maisonpierre et ol - 
1993; Sayadi and Pasquale, 1993: Siever and Verderame, !994; Ciossek et ext., 1995; Valenzuela et a/., 1995) are also shown. The 
positions of insertions (Cck5~, Cek7-«- and Cckl0 + ), deietions (Ehk-1/Cek7 variants) or substitutions (Cek7\ Cek5s, Mek4< ^ 
Ehk-3/MDKl) are coincidental with the location of the exon-intron junctions in Cek5 
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Nucleotides of the insertion as well as the first two 
"ucleotides immediately following the insertion both 
inform to the 'gf consensus sequence of 5 spUce 
£ nor sites (underlined in Figure 4A). Therefore the 
lecture of the Cek5 gene indicates that Cek5 and 
S rek5+ transcripts are generated by the alternative use 
„i\ stinct 5' splice sites (McKeown, 1992). 
° i j examine the expression of Cek5 and Cek5 + 
, u ring embryonic development, RT-PCR was used to 
iSvse mRNAs from whole chicken embryo as well as 
Sonic brain for the presence of Cek5 and Cek5 + 
Snscripts at different developmental stages. Primers 
Sere used to amplify the juxtamembrane region 
Seen nucleotide residues 1697 and 1973 (Figure 
S Using mRNA from 5 and 10 day whole embryos, 
!f '• -11 as from 6, 10 and 20 day embryonic brain 
amplified products of the predicted sizes for both Cek5 
S Cek5+ were obtained (Figure 4C, lanes 2-6) The 
two PCR products were confirmed to correspond to 
Z juxtamembrane domain region of Cek5 by South- 
ern analysis (data not shown). Bands of the expected 
Jze for both Cek5 and Cek5+ were also obtained with 
mRMAs from 3 and 4 day whole embryos (not shown). 

C <7 and CeklO, two receptor tyrosine kinases 
closely related to Cek5, contain insertions in the 
juxtamembrane region, but at a 
from that of Cek5 (Maisonpierre et al., 1993; Sajjadi 
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and Pasquale, 1993). To determine if an additional 
alternatively spliced form of Cek5 exists with an 
insertion similar to that of Cek7 and CeklO, the PCR 
products shown in lanes 2-6 of Figure 4C were used 
as templates for PCR amplification with nested primers 
flanking the region where the Cek7 and CeklO 
insertion is located (Figure 4B). After the second 
amplification a single band of the expected size ; for 
Cek5 was detected (Figure 4C, lanes 8- 12). This PCK 
product was confirmed to correspond to the appro- 
priate juxtamembrane domain region of Cek5 by 
Southern analysis (not shown). Therefore, we have 
found no evidence supporting the existence of Cek5 
variants containing juxtamembrane domain insertions 
other than the one in Cek5 + . 

Genomic sequences involved in generating a Cek5 variant 
transcript by selective use of an alternative 
polyadenylation signal 

Analysis of the exon/intron structure of the Cek5 gene 
revealed that a 0.6 kb intron is located at position 
1624, immediately prior to the exon encoding the 
transmembrane region (exon 8). To examine the 
possibility that a truncated form of Cek5 lacking the 
transmembrane and cytoplasmic regions is generated 
by a mechanism analogous to that previously described 
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n ,„H RT PCR analysis of the iuxtamembrane domain of Cek5. (A) schematic representauon of the 
Figure 4 Genomic organization and RJ" PCR a " a ysis oi in e ux of [he 43 bp insert ion characteristic of Cek5 + 

genomic organization of the juxtamembrane domain regi on °[ Cek5^ 1 £e seque v ^ A 2 ^ n 

(small letters, bold) was found to be contiguous ^ the cDNA ^"^ 0 °^n tL wnLnsus sequence characteristic of a 5' splice 
follows the sequence of the insertion. 3oth the insertion and I the : intron « on f w ' n * e , idn | ^ shown . (B) Strategy used for 

donor site (underlined). This indicates that Cek5 _+ a ™» rc^S^SariTihe location of the primers used with respect 

the detection of Cek5 juxtamembrane region variant fm 1 by ^f ^ r ^°d re ™erse primers are indicated at the right. FN-III-2. 
to -He domain structure of Cek5+ . The most 5 nucleotide of .ne forward and _reverse pn mRNAs. The pnmer 
sec ld fibronectin type III ™ f ' c ™ 

corresponding to residues 1954- 197 j of Cek5 cantisense . r « idues 1 607-1716 of the Cek5 sense strand and 1954- 
sites of the Cek5 + or Cek7 + and Cek 0 + l ™™™J°"" P ° a *f InfgatWe control lacking cDNA template: lanes 2 and 
1973 of the antisense strand) were usea lor amplification in toiKS 1 6. Lane I _negauv : co ? respectively. The two 

3: 5 day and 10 day who.e embryo, -^l (32?bp). The products shownin lanes 

products have the size predicted :or amplified <~eio sequent^**.- jyj i ^ . __j — • —a •« 
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E ™^a1^ BRL). Se.ected mo.ec.ar weights, in kb, are 

ted at the right 
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for the related kinase Mek4 (Sajjadi et aL, 1991), the 
entire intron was sequenced (Figure 5A). A consensus 
polyadenylation sequence was identified within the 



intron (bold in Figure 5A). Polyadenylation 0 r 
sequences within the intron would result in a 
transcript retaining a portion of the intron, which 
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Figure 5 Sequence and expression of the variant transcript Cek5s. (A) Genomic organization in the region that regulates u.i 
generation of Cek5s transcripts. The complete sequence of the intron following exon 7 is shown in small letters. The sequences 
within the intron encode the amino acids indicated in bold, followed by a stop codon (*). A consensus polyadenylation site which is 
located within the intron is indicated in bold. The sequence complementary to that of the primer used for the detection of Cek5s 
mRNA by RT-PCR (see C) is underlined. The location of this primer and of the primer corresponding to residues 1372-1391 of the 
sense strand of Cek5. which were used for PCR amplification of Cek5s sequences (see C), are indicated by arrows. TM. 
transmembrane domain. (B) Relative abundance of Ceki and Cek5s mRNAs in the 1 1 day chicken embryo by RNase protection 
analysis. Lanes l-3 ? transcripts prepared with T7 RNA polymerase in the presence of radiolabelled UTP. Lane 1, transcript from 
pBluescript SK+ digested with HincII (34 bases): lane 2, ^-actin trascript (216 bases); and lane 3, Cek5s probe (312 bases). LarK 4 
represents the Cek5s probe mixed with torulla yeast RNA and digested with RNase as a control. Lanes 5-7 represent 1 /ig, 2/ig . 
4 /jg of 1 1 day chicken embryo mRNA hybridized with the Cek5s probe and digested with RNase. The predicted size of the Cck. ' 
Cek5s protected fragment is 266 bases (Cek5s) and that of the Cek5 protected fragment is 41 bases (Cek5) (see Materials and 
methods). The amount of probe loaded in lane 3 represents W6 of the amount of probe used for the hybridizations that were loaded 
in lanes 4-7. Lanes 1-3 and lanes 4-7 are from ;he same *el. however lanes 1-3 were exposed for 2h and lanes 4-7 for 24 h- 
respectively, at — 70°C with intensifying screen. (O Amplification of Cek5s sequences from chicken embryo mRNAs using the 
primers indicated in A. Lane I: negative control lacking ;DNA template; lanes 2-6: 3 t 4, 5, 6 and 10 day whole embryo, 
respectively; lanes 7 and 8. 6 day and 10 day embryonic brain, respectively. The amplification of a product of the expected size 
(492 bp) in all the lanes was confirmed by Southern analysis using a 32 P-labeled probe. This probe was generated from Cek-^ 
genomic DN A amplified with a primer corresponding ;o bases 1590-1609 of the sense strand and the antisense prirrer 
corresponding to the sequence underlined in Figure 5A. Selected molecular weight standards, in kb, are indicated at left 
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mdes eieht unique amino acids in frame with the 
!££ ^lu'ar domain sequence of CekS followed by a 
5?Sdoa (Figure SA). This predicts the e^stence of 
Jothcr variant form of Cek5 composed of the 
£ cellular domain of the receptor, which may 
^ sent a secreted form of CekS and has been 

transcripts encoding jCttS. 
2? in vivo and to quantitate the relative abundance , of 
£ CekSs variant with respect to CekD, mRNA from 
f, day whole chicken embryo was examined using 
^protection assays (Figure 5B)-^^beu^ 
Lnr uns in addition to vector sequences, 266 bases ot 
£ ^sl\nuscnse sequence 41 base; > of which are 
. .vn^ted to hvbridize with the CekS mRNA ^see 

ears? Th. •as'^rgs 

£ larae molar excess over both the Cek5 ana L-eK^s 
^m^NAs (see Figure 5B legend). As , sh .own m 
Sre 5B lanes 4-7, the band corresponding to Cek5 
Considerably more prominent than that correspoqd- 
iTcSS^n tholgh the 0*5 P»«t^£ 
3y ontains 12 UTPs, compared to 73 UTPs in the 
Cek- protected fragment. Hence, at embryonic day 11 
£ message for CekSs in the who e em btyo is 
substantially less abundant than that for Cek5. 

To determine whether transcripts encoding ; CekSs 
m present in the chicken embryo at ■ dtferenj 
SelSpmental stages, RT-PCR was used to ^arnphfy 
Sriou? embryonic mRNAs. ^ « "^JET? 
Jocat. ! within the intron which follows exon / 

lined in Figure 5A), cD NA ™. 
PCR. The 5' amplimer was designed to hybridize with 
sequences located in exon 6 (nuc leotides 1372 to 1391)^ 
to insure that the products amplified from the cDNA 
ioufd be different in size from the products resulung 
item the amplification of poss.be F^fi^SSi 
genomic DNA. mRNAs from 3 to 10 day old whote 
chickc- embryos as well as from 6 and 10 da) t o d 
embn lie brain were used for cDNA synthesis^ 
Subsequent amplification yielded a product of the 
predicted size for the CekSs cDNA in all the samples 
examined, which was confirmed to contain Cek5s 
"sequences by Southern analysis (Figure 
< 

.Dbcus5 ; nn 

•In this report we have investigated the structural 
■organization of the Cek5 gene in order to identify the 
^molecular mechanisms by which diverse forms ot Celts 
'•ad other Eph-related kinases originate. Cek3 is me 
„_ . v . • _ i.: r Pnh pene subfamily 



. omer tpn-reiaieu uihm - . .. 

:«m receptor tyrosine kinase of the Eph gene subfamily 
Ibr which the exon-intron structure of the entire coding 
i*tfon has been elucidated. The existence of a 
,#*Kcri : encoding a previously undesenbed soluble 
fbrm oi Cek5 (Cek5s) was predicted based on the 
i^omic sequence of Cek5 and was confirmed by Rl- 
and RNase protection analysis. CekSs does not 
*°tain a consensus sequer.c: for giycosyl phosphati- 
des tol-linkage at its carboxy- terminus and is thus 
^Pected to be secreted. E.uracelluiar domain soluble 
">rms of other receptor tyrosine kinases have been 
J^ribe,' which arise as a result of alternative splicing 
, tlc h . ../ 1990) proteolvtic cleavage (Downing et 
?- 198 • >r an alternative poiyaceny lation mechanism 
mila r u. that proposed for Cek5s (Johnson et al.. 
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1991- Saiiadi et al., 1991; Flickinger et al., 1992; 
Kendall and Thomas, 1993). Based on .U structure 
CekSs may modulate the activity of the full-length 
receptor by competitively binding its Ugand or by 
acting as a 'dominant negative' (Fuckinger et al., 1992, 
Kendall and Thomas, 1993; L> e al 1994) 
Furthermore, the intriguing possibility exists that 
binding of Cek5s to the Cek5 bgand, which is a 
Transmembrane protein (Shao et al., 1994), generates a 
signal mediated by the cytoplasmic domain of the 
lifand. While the only notable feature recognized in the 
83 amino acid long cytoplasmic domain of ttewo 
lieand is the presence of numerous Ser, Thr ana iyr 
Sues, which may be phosphorylated 
al 1995), interactions with cytoplasmic signa trans- 
duction molecules remain to be investigated Although 
the overall levels of CekSs express! on m the 1 1 day 
chicken embryo are low relative to ^" le ^ 
CekSs transcripts may be concentrated in specific cell 
tvoes or they may be more abundant at specific 
developmental stages. Hence, understanding the ex 
predion and localization of this variant truncated 
Erotein in normal and tumor tissues will be important 
for understanding the function of the Cek5 gene. 

We have also identified the genomic sequences 
responsible for the generation of CekS + . an alter- 
natively spliced form of CekS characterized by an 
insertion within the ^^^"S"^ 
receptor and showed that both Cek5+ and CekS are 
expressed in the chicken embryo at ^ devdog 
mental stages. The relative levels of Cek5+ and Cek3 
Tmplmed products suggest a generally lower expression 
rfCekS compared to CekS. In addition, we have 
previously reported that Cek5 + are 
detectable by Northern analysis in brain, but . not 
body tissues, of the 10 day chicken embryo (Sajjadi 
anf Pasquaie, 1993). While the P««eftacuoa of 
juxtamembrane domain insertions remains to be 
elucidated, several hypotheses are possibly The 
insertion in Cek5 + contains two serines, a tyrosine 
andTthreonine residue and ^sp^uon ^ ^ 
residues may modulate CekS function For example 
[he Ser and Thr in the insertion are part of a protem 

kinase C (PKC) consensus ^ ho ^°\fcJk5 + 
xfcr no -Lvs/Ara) Hence, the insertion in «-p K;> J 
S odSces po tentS PKC phosphorylation sites m the 
uxumembrane domain. Since PKC phosphorylation 
C Seen shown to downregulate the actmtj of^ 
EOF and hepatocyte growth factor (HGFJtwpwn 
(Downward et al., 1985; Gandino et "'•> ^4) 
phosphorylation by PKC may differentially rebate 
the catalytic activity of Cek5 and Cek5+. 
ylation of tyrosines in the juxtamembrane region 
which may cicur as a result of ligarid binding ^ ha 
also been suggested to be ^portant m the s gnal 
transduction of receptor tyrosine kinases, such asjhe 
insulin and EOF receptors (Segatto et al ^1991, Feener 
et al 1993). The insertion may also provide ^eKJ-r 
with kn additional binding site for cytoplasmic targe*. 
Phosphorylated tyrosines in the juxtamembrane do- 
mains of other tyrosine kinase receptors, such as the 
pStlerived growth factor (PDGF) and insulin 
receptors, have been implicated in the binding ot 
cytoplasmic target molecules (Mori et fi™**^* 
et al 1994). However, the sequence of the ammo aaa 
fnsertion of Cek5 + does not conform to known SH2 
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(Src homology 2) or PTB (phosphotyrosine binding) 
domain consensus sequences (Songyang et aL, 1992; 
Kavanaugh et aL, 1995). 

The location of the insertion within the juxtamem- 
brane region of Cek5 + is unique among the members 
of the Eph subfamily. At least two other members of 
the Eph subfamily, Cek7 and Cek 1 0, contain 
insertions, but at a different location within the 
juxtamembrane region. Whether the insertions in 
Cek7 and Cek 10, like the one in Cek5, also arise by 
the use of distinct 5' splice sites remains to be 
elucidated. In addition, amplification with appropriate 
primers did not reveal Cek5 transcripts containing a 
second juxtamembrane domain insertion similar to 
those of Cek7 and Cek 10. Insertions in the juxtamem- 
brane region appear to be peculiar to members of the 
Eph subfamily, with the exception of the receptor 
tyrosine kinase met (HGF receptor) (Lee and Yamada, 
1994). However, the insertion in met is longer and 
generated by the alternative use of a discrete exon, 
rather than by the alternative use of 5' splice sites. 
Since alternative splicing can be spatially and 
temporally regulated (Smith et aL, 1989), differential 
regulation of the structure/function of at least several 
Eph-related kinases may be achieved through the use 
of insertions in various regions of the juxtamembrane 
domain. 

The genomic "organization of the Cek5 gene 
demonstrates that the structural variability of Cek5 
arises as a result of alternative splicing. When the 
location of the Cek5 introns is compared to the 
position of the insertions, deletions, or substitutions 
reported for other Eph-related kinase genes (Figure 3), 
the position of the Cek5 introns coincides with the 
location of these protein structural alterations. 
Furthermore, the phases of the exon-intron junctions 
in Cek5 are compatible with the preservation of the 
reading frame in the deletion variants of other Eph-like 
receptors. Hence, the structural diversity observed 
among members of the Eph subfamily is likely to 
arise as a result of alternative processing from genes 
that have a structural arrangement similar to that of 
the Cek5 gene. 

Information about the genomic organization of 
several other Eph-related kinases is fragmentary, but 
provides an opportunity to determine whether the 
exon/intron organization is conserved between mem- 
bers of the Eph subfamily, yielding information on 
their evolutionary relationships. If the Eph-related 
kinases are derived from a single ancestral gene, the 
location of most introns is expected to be conserved. 
This has been demonstrated for other subfamilies of 
tyrosine kinases, such as the src (Rouer et aL, 1989), 
insulin receptor (Abbott et aL, 1992) and PDGF 
receptor (Andre et al, 1992; Pajusola et aL, 1993; 
Agnes et aL, 1994) gene families. For example, the 
catalytic domain of Eph is divided into five domains 
(Dl through D5) by four introns (Maru et aL. 1988) 
and the exon/intron organization of the catalytic 
domain is conserved between Eph and Cek5, with 
one exception. The Cek5 gene lacks the intron 
corresponding to that which separates domains Dl 
and D2 of the Eph gene. The Erk gene, the human 
homolog of the Cek5 gene iKiyokawa et aL, 1994), 
also lacks this same intron (Chan and Watt. 1991). It is 
likely that exon fusion has occurred in the catalytic 



domain of the Cek5/Erk gene, rather than intron gai B 
in the Eph gene (Rogers, 1989), since the intron 
between the Dl and D2 domains of Eph is conserved 
in another Eph-related kinase, Eek (Chan and Wau 
1991) and in the tie (Korhonen et aL, 1994) and TJFq 
(Schulz et a/., 1993) genes, which belong to different 
subfamilies of receptor tyrosine kinases. Alth ;ugh 
differences in the structural organization of their 
catalytic domains suggests an early evolutionary 
divergence of the different subfamilies of protein 
tyrosine kinases, the positions of several introns in 
the catalytic domain of both Cek5 and Eph arc 
conserved in other families of receptor tyrosine 
kinases. The intron between exons 10 and 11 of Cefc5 
is conserved in UFO (Schulz et aL, 1993), the intron 
between exons 12. and 13 is conserved in ret (Cecc erini 
et aL, 1993), tie (Korhonen et aL, 1994), the EGF 
receptor (Semba et aL, 1985) and fibroblast growth 
factor (FGF) receptor 1 (Johnson et aL, 1991) and the 
intron between exons 11 and 12 is at a similar, 
although not identical, position of the catalytic 
domain as introns in the tie, insulin receptor (Seino 
et a!,, 1989) and UFO genes. Hence, based upon the 
information available from the Eph (Maru al^ 
1988), Eek (Chan and Watt, 1991), Erk (Chan and 
Watt, 1991) and Mek4 (Sajjadi et aL, 1991) genes, the 
exon/intron structure of the Eph-related kinase genes 
appears to be conserved, with the exception of one 
intron which is present in the Eph and Eek genes, but 
not in the Cek5/Erk gene. In all cases in which 
comparisons could be made* the phases of correspond- 
ing introns in different genes are also conserved 

In summary, by delineating the genomic organiza- 
tion of Cek5 we have established the close evolutionary 
relationship of the Eph-related kinases and gained 
insight into the mechanisms involved in creating their 
structural diversity. Alternative splicing and polyade- 
nylation likely have important implications in the 
functions of the Eph-related kinases. 



Materials and methods 

Southern hybridization of genomic DNA 

Ten /ig of chicken genomic DNA or 2 jig of phage DNA, 
which were purified using gravity-flow columns (Qiagen), 
were digested twice with restriction enzymes, separated ofl 
0.75% agarose gels and transferred to nylon membrane* 
(MSI) according to standard protocols (Ausubc et tu+ ^ 
1995). The membranes were prehybridized in 0.5 M. j 
Na 2 HPO<, pH 7.2, 9% SDS, 1 mM EDTA for 1 n t* ^ 
60°C, followed by overnight hybridization in the san* 
buffer containing 32 P-Iabeled probes at a concentration oj 
2-3 x 10 6 c. p.m. /ml. The radioactive probes were S ene! ?!Sf : 
by random priming of cDNA or genomic DNA ?Cj^ 
fragments. Nylon membranes were washed twice at 42 r^§ 
for 15 min using 2 x SSPE. 0.1% SDS and once at 42 = C f<*| 
5 min using 0.1 % SSPE, 0.1% SDS. Membra= s 
exposed at — 70 C C with an intensifying screen (F-- jr *L J 
and C) or at room temperature without intensifying screc*^ 
(Figure 1A) using Kodak XAR film. >>. 

r * 

Isolation and characterization of Cek5 genomic clones 

A chicken genomic library in the k vector Charon 4 A 

* an St* 1 * 



generously provided by Dr Jerry Dodgson, Michigan ^ 
University. This library was screened by filter hyb;" :Z .^p£ 
under stringent conditions (50% formamide, ^ 
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.<Denhardt/s, 0.5% SDS and 200 pg/ml sheared salmon 
: 2rm DNA, 42°C) using digoxigenin-labeled probes 
fichringer Mannheim). These probes were generated by 
f R using as templates either plasmid DNA (cDNA 
JJes encoding the extracellular domain of Cek5) or 
Somic DNA (corresponding to the sequence of PCR 



ct 2076-2388IR in Figure 2). After hybridization ^the 
were washed with 2xSSPE, 0.2% SDS at 42'C 
Ecked in 5% milk in TBST (Tris buffered saline with 
?% TX100) for a minimum of 30 min and incubated with 
' 5 U/ml anti-digoxigenin-alkalinc ^ Phosphatase antibo- 
; s (Boehringer Mannheim) in 0.2% milk in TBST for 
fh Filters were then washed and developed in a X- 
hosphate/NBT solution. Positive plaques were subjected 
fl several rounds of purification prior to X phage DNA 
,,«f ition using gravity-flow columns (Qiagen). 
< enfng of about W clones yielded 17 Cek5 genomic 
JTes which were subsequently characterized by restriction 
£ping and Southern analysis. The X phage insert 
Ssponded to the five unique Cek5 genomic fragments 
S in Figure 2. Purified X phage DNA containing Cek5 
iUic sequences was used either for direct sequencing or 
gpCR amplification. One n% of chicken genomic DNA or 
? ^ of a phage DNA were used as templates for PCR 
Lpli ation using the following program: one cycle for 
S m- at 95*C, 1 min at 60°C and 3 min at 72°C followed 
w 34 cycles for 1 min at 95°C, 2 min at 58°C and 3 mm at 
* C and a final extension of 10 min at IT C. PCR fragments 
wire either sequenced directly or subcioned into a TA cloning 
t /p CRII vector, Invitrogen) and the regions of interest 
wuenced in several plasmids. Primers used for direct 
fencing of X phage DNA corresponded to nucleotides 
lOi-PO, 371-390 and 648-667 (sense strand) and 100- 
119 2~ 7 -256 386-405 and 673-692 (antisense strand) of 
Cek5 v asquale, 1991). DNA sequences were determined 1 by 
ik dideoxy-chain termination method (Sanger et al. t 191/) 
oing plasmid DNA, or by linear amplification sequencing 
with Zxo-Pfu polymerase (Stratagene) using purified x phage 
DNA or PCR products. 

IT-PCR analysis 

For R -PCR, mRNA was prepared from tissue homo- 
jenate: by hybridization to biotinylated ohgo(dT) and 
•dsorption to streptavidin paramagnetic particles (Prome- 
rt. Two fig of each mRNA were used for cDNA synthesis 
*ith Superscript II reverse transcriptase (BRL/i-ite 
Technologies, Inc.), using primers specific to Cek5. PtR 
performed as described above for genomic DNA, using 
V4 of the cDNA synthesized in the reverse transcription 
i *a«ion. The following two primer combinations were used 
I PC^* (i) for amplification of the juxtamembrane 
domain region, the primers TCATTGCTGTTGTCGT- 
! ^TC (corresponding to residues ^97 -1716 of the Cek5 
strand) and CTTTTGCCAGGAAGCTTGAG (cor- 
1 ^Ponding to residues 1954-1973 of the antisense strand); 
(ii) for amplification of Cek5s specific sequences the 
^ers CGCACTGTGGACAGCATTAC (corresponding 
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to residues 1372-1391 of the Cek5 sense strand) and 
AGGTGCCCATGCCAGAAAAG* (corresponding to the 
non-coding strand, 242 nucleotides within the intron which 
follows exon 7 (Figure 5 A)). One pi of a 20-fold dilution of 
the PCR products obtained from the amplification 
described in (i) above was used as template for amplifica- 
tion with the primer corresponding to residues 1697-1716 
of the Cek5 sense strand (see (i) above) and primer 
CACTGGTATAGTGCTGCAGC (corresponding to resi- 
dues 1776-1795 of the antisense strand). Products were 
separated on 1.5% agarose gels, photographed, denatured, 
and tranferred to nylon membranes (MSI) for Southern 
analysis with »P-labeled DNA probes, as described above. 
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RNase protection assays 

PolyA RNA was extracted from whole chicken embryo 
homogenates at day 1 1 of development as described above. 
For the synthesis of a Cek5/Cek5s antisense transcript, the 
cDNA predicted to encode Cek5s (comprising nucleotides 
I to 1624 in common with Cek5, followed by 225 bp of the 
intron following exon 7, which are unique to Cek5s (Figure 
5A)) was subcioned in the EcoRI (5' end) and Hindlll (3 
end) sites of pBluescript SK*. This plasmid was linearized 
by digestion with BsrF I, which cleaves the Cek5 cDNA at 
position 1584, and transcribed with T7 RNA polymerase 
(Promega) in the presence of [oc-»P]UTP (800 Ci/mmol, 
New England Nuclear) following the instructions of the 
manufacturer (Promega). The resulting probe contains 312 
bases, including 266 bases corresponding to the 3' end of 
the cDNA insert and 46 bases corresponding to vector 
sequences. Two protected fragments are expected with l this 
probe, a Cek5s protected fragment of 266 bases and a Cek5 
protected fragment of 41 bases (residues 1584-1624). Two 
additional transcripts were prepared for use as mole c™ ar 
size markers. A fragment of the chicken 0-aain cDNA 
(Cleveland et a/., 1980) subcioned in the Htndlll and 
EcoRV sites of the vector pSP72 (Promega), was linearized 
with TaqI and the plasmid pBluescript SK* was linearized 
with Hindi. Both plasmids were transcribed as described 
above, to produce transcripts of 216 and 34 bases, 
respectively. Hybridizations were allowed to proceed I for 
24 h and were followed by RNase digestion, using an RPA 
II RNase protection assay kit (Ambion) and following the 
recommendations of the manufacturer. Protected frag- 
ments were analysed on 6% sequencing gels. DNase I 
treatment of Ithe mRNA prior to hybridization, to 
eliminate possible contaminating genomic DNA, did not 
produce detectable differences in the results obtained. 
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Summary 

Eph family receptor tyrosine kinases have been pro- 
posed to control axon guidance and fasciculation. To 
address the biological functions of the Eph family 
member Nuk, two mutations in the mouse germline 
have been generated: a protein null allele (Nuk 1 ) and 
an allele that encodes a Nuk-pgal fusion receptor lack- 
ing the tyrosine kinase and C-terminal domains 
{Nuk 1 "*). In Nuk 1 homozygous brains, the majority of 
axons forming the posterior tract of the anterior com- 
missure migrate aberrantly to the floor of the brain, 
resulting in a failure of cortical neurons to link the 
two temporal lobes. These results indicate that Nuk, 
a receptor that binds transmembrane ligands, plays a 
critical and unique role in the pathfinding of specific 
axons in the mammalian central nervous system. 

Introduction 

Receptor tyrosine kinases are involved in controlling cell 
growth and developmental fate decisions, in directing 
cell movement and migration, and in tissue morphogen- 
esis (Pawson and Bernstein, 1990; Dickson and Hafen, 
1 994). The Eph family of receptor tyrosine kinases, which 
possesses at least 13 members, has been circumstan- 
tially implicated in regulating cell movement and axonal 
pathfinding (reviewed by Tuzi and Gullick, 1994; Bram- 
hilla and Klein. 1995; Tessier-Laviane, 1995). Recently, 
considerable progress has been made in the identifica- 
tion of ligands for Eph receptors (or Lerks; Bartley et 
al., 1994; Beckmann et al., 1994; Cheng and Flanagan, 
1994; Davis et al., 1994; Shao et al., 1994, 1995; Bennett 
et al., 1995; Bergemann et al., 1995; Drescher et al.. 
1995; Kozlosky et al., 1995; Winslow et al. f 1995; Gale 
et al., submitted). All Lerks are anchored to the cell 

§ Present address: Center for Developmental Biology, University of 
Texas Southwestern Medical Center, Dallas, Texas 75235-9133 
I'The first two authors made equal contributions to this work. 



surface, either through a transmembrane segment in the 
case of Lerk2 (Elk-LyEfl-3/Cek5-L), Lerk5 (Htk-L/ELF-2), 
and Elk-L3, or through a glycosyl phosphatidylinositol 
(GPI) linkage for the other five known Lerks. Eph recep- 
tors can be subdivided into two classes based on their 
interactions with the various Lerks. The Elk, Nuk/Cek5, 
Sek4/Hek2, and Htk receptors (Elk subclass) all prefer- 
entially bind to and are activated by the transmembrane 
Lerks. Conversely, the remaining Eph receptors interact 
promiscuously with the GPI-linked Lerks and show little 
affinity for the transmembrane ligands (Brambilla et al., 
1995; Gale et al., submitted). Interestingly, strong cata- 
lytic activation of Eph receptors can only be achieved 
by coculturing ligand-expressing cells with receptor- 
expressing cells, or by artificially oligomerizing soluble 
forms of the ligands (Davis et al., 1994). These results, 
as well as the immunolocalization of the Nuk receptor 
to specific sites of cell-cell contact, are consistent with 
the idea that this receptor-ligand family mediates close- 
range cellular interactions (Henkemeyer et al., 1994). 

The properties of GPI-linked Lerks and their cognate 
receptors have provided clues to possible biological 
activities. B61 induces endothelial cell migration and 
can act as an angiogenic factor when applied to the rat 
cornea (Pandey et al., 1995). Two other GPI-linked 
Lerks, RAGS and ELF-1 , are expressed in a posterior-to- 
anterior gradient in the chick tectum, and one of their 
receptors, Mek4, is expressed in a temporal-to-nasal 
countergradient in the retina (Drescher et al., 1995; 
Cheng et al., 1 995). Moreover, membranes from the pos- 
terior tectum cause growth cone collapse of axons from 
the temporal retina, while recombinant RAGS repels the 
growth of retinal axons in vitro (Drescher et al., 1995). 
These observations have raised the possibility that Eph 
receptors and their ligands function as guidance mole- 
cules to establish a retinal-tectal topographic map. In 
separate studies, the human homolog of RAGS, AL-1 , 
has been implicated in promoting the fasciculation of 
cultured cortical axons in vitro (Winslow et al., 1995);-^, 

We have previously identified and characterized Eph 
receptors of the Elk subclass, which bind to transmem- 
brane ligands and are expressed to high levels in the 
nervous system (Letwin et al., 1988; Lhotak et al., 1991 ; 
Lhotak and Pawson, 1 993, Henkemeyer et al., 1 994; Gale 
et al., submitted). To investigate the biological functions 
of these receptors, we have introduced two mutations 
into the mouse Nuk gene and examined their effects on 
development of the nervous system. We find that Nuk 
plays a unique role during the pathfinding of a specific 
set of central nervous system axons forming the anterior 
commissure, a major interhcmispheric connection be- 
tween the two temporal lobes of the cerebral cortex. 

Results 

Nuk Mutations 

The Nuk 1 mutation was generated through homologous 
recombination in embryonic stem (ES) cells by deleting 
a 5' segment of the Nuk locus and inserting a neomycin 
resistance cassette (Figure 1 A). This deletion, which en- 
compasses the exon for Nuk amino acids 29-50, was 
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Figure 1. Generation of Nuk 1 and Nuk"* Mutations 

(A) Wufr' mutation; Genomic restriction map and targeting strategy used to delete a 1 .4 kb region of Nuk containing the coding exon for Nuk 
amino acids 29-50 l The Nuk 1 targeting vector, including the PGK-neo and PGK-t/r cassettes (boxes) and their transcription termination 
sequences (stippled boxes) are shown. Homologous recombinants were identified by hybridizing a 5' external probe to BamHI digests of 
genomic DNA. resulting in a wild-type band of 6.5 kb and a Nuk 1 mutant band of 7.3 kb. Pertinent restriction sites are indicated; those in 
brackets are denved from vector sequences. A, Asp-718; B, BamHI; E, EcoRI; H, Hindlll; Xh, Xhol. 

(B) Nuk** mutation. Genomic restriction map of a 3' region of the Nuk locus containing exons encoding the Nuk juxtamembrane and tyrosine 
kinase domains. A group of four exons encoding Nuk amino acids 598^843 were identified (shaded boxes). A Nuk-lacZ targeting strategy was 
designed to delete 1 kb of Nuk, including codons for the ATP binding region of the tyrosine kinase domain (residues 622-707), while inserting 
in-frame bacterial tacZ including codons for the ATP binding region of the tyrosine kinase domain (residues 622-707). Homologous recombinants 
were identified by hybndizing a 5' external probe with Asp-718 digests of genomic DNA, resulting in a wild-type band of 4 4 kb and a Nuk™ 
mutant band of 9.5 kb. The predicted Nuk-lacZ mRNA and Nuk-pgal fusion protein are shown (TM, transmembrane). 

(C-E) Genotype analysis of Nuk 1 and Nuk™ mutations. 

(C) Southern blot analysis of Nuk 1 mutant mice. Tail DNA from the offspring of intercrosses between Nuk*/+ heterozygous males and females 
were digested with BamHI and subjected to Southern blot analysis, using the external probe shown in (A) 

' D f d .5 Po,vmerase ( chain taction analysis of Nuk 1 (D) and Nuk™ (E) mutant mice. The positions of wild-type (WT) and mutant bands are 
indicated, and astensks denote the lanes where homozygote samples were loaded. 



expected to generate a protein null allele, as sequence 
analysis indicated that any aberrant splicing around the 
neo r cassette would result in a mutant transcript con- 
taining a frameshift in the Nuk open reading frame. The 
Nuk!** mutant allele was designed to encode a fusion 
protein, comprised of the extracellular, transmembrane, 
and juxtamembrane domains of Nuk (amino acids 1-621) 
linked to 0-galactosidase (Pgal; Figure 1 B). This Nuk- 
3gal fusion receptor lacks the entire tyrosine kinase 
catalytic and C-terminal domains of Nuk. Aggregation 
chimeras of three Nuk 1 /+ and two A/u** c2 /+ targeted ES 
cell lines were generated, and germline transmission of 
the mutant alleles was obtained. Animals homozygous 



for either Nuk mutation were observed at the expected 
frequency in the progeny of heterozygous intercrosses 
and were identified by either Southern blot analysis or 
AMr-specific polymerase chain reactions (Figures 1C- 
1E). Nuk 1 /Nuk 1 and Nuk^/Nuk** 2 homozygotes were 
long-lived and fertile in 129 inbred and 129 x C57BL/6 
or 129 x CD1 mixed backgrounds. 



Biochemical Characterization of Nuk 1 
and Nuk** Alleles 

To determine whether the Nuk 1 mutation abrogated ex- 
pression of the wild-type Nuk + protein, antiserum raised 
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Figure 2. Biochemical Characterization of Nuk 1 and Nuk** 2 Mutations 
■ Situ™, ol <.°«™«l in 4 |PJ bnln. w« nam M«»yl««l. In (B|. ^'"JTJtJ'Xi™ 

lysate. . 

(D-R Nuk* and Nuk-(3gal expression in coronal sections of the eye. Dorsal is up. 

(D and E) Anti-Nuk antibody staining of +/+ (D) and Nuk^/Nuk^ (E) newborn mouse heads. 

(F) Nuk-pgal staining of a Nuk^/Nuk^ newborn. Scale bar D-F, 400 p.m. 



against the Nuk C-terminus was used in an immune- 
complex in vitro tyrosine kinase assay. An autophos- 
phorylated 130 kDa Nuk* protein was specifically de- 
tected in +/+ and NukV+, but not in Nuk 1 /Nuk 1 embryo 
protein lysates (Figure 2A). No abnormally sized gene 
product was observed in Nuk 1 /Nuk 1 embryos that might 
result from readthrough past the neo r cassette or from 
aberrant transcripts initiating downstream of the cas- 
sette. These results indicate the Nuk 1 mutation is a pro- 
tein null. 

To investigate whether the A/u^ 2 mutation led to the 
production of the expected 200 kDa membrane-bound 



Nuk-pgal fusion receptor, primary brain cultures from 
neonatal wild-type and homozygous mutants were ob- 
tained, and cell-surface proteins were specifically bio- 
tinylated. Total protein lysates were immunoprecipated 
with polyclonal antibodies directed against Nuk or pgal, 
and biotinylated species were detected in Western blots 
with avidin conjugated to horseradish peroxidase (HRP; 
Figure 2B). A 130 kDa protein that bound avidin was 
specifically precipitated from +/+ cells with anti-Nuk 
antibodies, indicating that Nuk + was biotinylated and 
therefore exposed on the cell surface. In contrast, no 
biotinylated protein was precipitated with the anti-Nuk 
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Figure 3. Expression of Nuk-pgal in the De- 
veloping Nervous System 
Embryos containing the Nuk* 2 mutation were 
collected and stained for Nuk-fSgal activity 
and viewed as whole-mount specimens (A-D, 
F-H) or as tissue sections (E, M_). Dorsal is 
up and anterior is left 

(A) +/+, Nuk**/+ and Nuk^/Nuk* 2 E10 tit- 
termates. Nuk-pgal staining in Nuk**/* and 
Nuk^/Nuk* 2 embryos is mainly confined to 
the developing nervous system. 

(B) At E7.5, Nuk-pgal was detected in the 
headfold process of the early nervous system 
(bracket). 

(C) E8.5 embryos with 4 somites show Nuk- 
fjgal staining in the neuroectoderm and heart 
(h). In the neural groove, staining was local- 
ized to the future forebrain, midbrain (mb) and 
hindbrain rhombomeres r3 and r5. 

(D) Dorsal view looking down into the neural 
groove; the arrow points to r3, and the line 
indicates the plane of the transverse section 
shown in (E). (D) and (E) detail the repeating 
pattern of dorsal-ventral stripes of Nuk-pgal 
expression, localized to the apical/future ven- 
tricular surface of the neuroectodermal cells 
(arrows in E). 

(F) At E9.25, Nuk-pgal intensely labeled spe- 
cific ventral cells within the closed neural 
tube, including the hypothalamic region of the 
diencephalon, the tegmental region of the 
midbrain, and hindbrain rhombomeres. 

(G) Between E9.5 to E1 0.5 days of develop- 
ment, embryos continue to express Nuk-0gal 
in the nervous system. (H-L) Nuk-0gal ex- 
pression at E1 0.5. 

(I and L) Transverse sections with the plane 
for (I) indicated by the line in (G) and the plane 



for (L) through the spinal region at the fore- 
limb buds (lb). 

(J and K) Two sagittal sections of the same embryo with (J) slightly off the midline and (K) approximately 200 pjn lateral to (J). Nuk-pgal 
staining was intense in the preoptic area and hypothalamus (hy; I, J, K), the ventral midbrain (H, *J, K), the ventral hindbrain (hb; H, I* and J), 
and the posterior neural tube (L). Note the near total absence of staining in dorsal cells. In (I)* Nuk-pgal was also detected in the eye (e), the 
trigeminal (tg) and acoustic/vestibular (ag) ganglia, and the otic vesicle. Nuk-pgal localized within the axons of the PNS as shown for the 
trigeminal nerve entering branchial arch 1 (arrow in I), the oculomotor nerve whose cell bodies lie in the ventral midbrain (arrow in K), and 
the spinal motor nerves whose cell bodies lie in the ventral neural tube (arrow in L). The dorsal root ganglion (drg) did not express Nuk- (3 gal 
at E10.5. Scale bar F, J-L, 100 yim; I, 200 yjn. 



antibodies from Nuk^/Nuk*"* cells, as anticipated from 
the fact that the Nuk-pgal fusion protein lacks the 
C-terminal domain recognized by the anti-Nuk antibod- 
ies. However, the Nuf&^/Nuk^ cells did express a novel 
200 kDa biotinylated polypeptide that was precipitated 
by anti-pgal antibodies. In the converse experiment, im- 
mobilized avidin precipitated a 200 kDa biotinylated pro- 
tein specifically from Nut&^/Nuk" 0 * cultures that was 
recognized by anti-pgal antibodies (Figure 2C). The in- 
tracellular protein GAP did not become biotinylated, in- 
dicating that the labeling was indeed specific for pro- 
teins expressed on the surface of the plasma membrane. 
Thus, the Nuk 1 "* mutation leads to the expression of a 
200 kDa Nuk-pgal fusion protein at the cell surface. 

To test the fidelity with which the Nuk* 90 * allele was 
expressed, coronal sections of newborn eyes were sub- 
jected to anti-Nuk immunohistochemical analysis or 
stained for Nuk-pgal activity using the chromogenic 
substrate X-gal. Anti-Nuk antibodies revealed a ventral- 
to-dorsal gradient of Nuk* expression in wild-type eyes 



(Figure 2D). In the retina, intense staining for Nuk + pro- 
tein was observed in the axon and dendrite-rich plexi- 
form layer and in the ganglion eel! axons forming the 
optic nerve. In eyes of a Nutf* 2 homozygote no anti-Nuk 
immunoreactivrty was detected (Figure 2E); however, 
staining for Nuk-pgal activity revealed an expression 
gradient and subcellular localization identical to Nuk + 
(Figure 2F). This result and analysis of other specimens 
(see below) demonstrate that the Nuk-pgal fusion recep- 
tor is expressed in the same cell types and subcellular 
localizations previously described for the endogenous 
Nuk + protein (Henkemeyer et al., 1994). 

Nuk-pgal Expression in the Early Nervous System 
The Nuk-pgal fusion receptor provides a very precise 
and sensitive means to characterize Nuk expression. 
As shown for mid-gestation E10 specimens, Nuk-pgal 
staining was detected in Nuk**/* and Nuk^/Nuk*" 2 , 
but not +/+, embryos (Figure 3A). At earlier stages, Nuk- 
Pgal was confined to the headfolds (Figure 3B), which by 
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(I) In a Nuk'/Nuk 1 mutant, 
posterior tract unaffected 
acA tract was not labeled 



Figure 4. Defective Anterior Commissure in 
Nuk 1 Homozygotes 

(A-O) Horizontal sections through the anterior 
commissure in a Nuk'/+ (A) and three differ- 
ent Nuk' /Nuk 1 (B-D) adult brains. Anterior is . 
up, and onty the left hemisphere of each fore- 
' ^vtir^jfl ^iMB brain is shown. Axon bundles were visualized 

^.»c^ia M'--.:!^Jb»1^w aN^^SS^Mamm using interference microscopy. In (A), large 

acA and acP (arrow) tracts can be observed. 
In (BHD). ax° n fibers forming the acP tract 
were absent or much reduced (arrows). A 
third much smaller tract that Is not affected 
by the Nuk 1 mutation can also be identified 
behind the acP fibers (arrowheads). 
(E-Q In vivo dye tracing of the anterior com- 
missure and optic nerve In adult mice. 

(E) Diagram outlining the brain and the strat- 
egy used to trace the acP and acA axons with 
fluorescent dyes. The left olfactory bulb and 
temporal cortex are indicated, as are their 
associated commissural axon tracts. 

(F) Dye injection into an olfactory bulb of a 
Nuk'/Nuk 1 animal properly traced the axons 
in the acA tract (arrow) and labeled cells In 
the contralateral olfactory bulb (asterisk). 

(G) Dye Injection into the retina of a Nuk'/Nuk 1 
animal traced the axons in the optic nerve 
(arrow) as they near the optic chiasma (oc). 
As in wild-type mice, a majority of the labeled 
retinal ganglion cell axons in Nuk 1 mutants 
crossed the midline in the chiasma (asterisk). 
(H and I) Injections of dye into the temporal 
cortex were used to label the acP axons. The 
right panels show the site of injection, the 
middle panels show sections at the midline 
where the acA and acP tracts converge, and 
the left panels show sections of the contralat- 
eral temporal cortex. 

(H) In a Nuk 1 /+ specimen, the acP tract was 
labeled (arrow), as were cells in the contralat- 
eral cortex (left panel), indicating a functional 
^ ^ ^ anterior commissure. 
STSabeUhe reduced acP tract (arrow) or cells in the contralateral cortex (left panel). Note thrtl the .small 
by the Nuk' mutation also was labeled by the injections Into the temporal cortex (arrowhead in m.ddle panels). The 
by injections into the temporal cortex. 
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E8.5 resolved into a highly ordered expression pattern in 
the neuroectodermal cells of the neural plate (Figures 
3C-3E). Intense staining was detected in specific ante- 
rior-posterior regions of the future brain, including the 
ventral midbrain and hindbrain rhombomeres r3 and r5. 
Interestingly, this staining also revealed at high resolu- 
tion a pattern of longitudinal stripes of Nuk-0gal- 
expressing and nonexpressing cells down the length of 
the future brain (see Figures 3D and 3E). Thus, Nuk 
expression in the open neural groove marks specific 
anterior-posterior and dorsal-ventral cells. 

Following dorsal closure, Nuk-pgal expression Inten- 
sified in defined regions of the forebrain, midbrain, and 
rhombomeres r3 and r5, with relatively lower expression 
detected in the other hindbrain segments and in the 
posterior neural tube (Figures 3F-3L). The most intense 
Nuk-pgal staining was restricted to ventral structures, 
most notably in the preoptic area and hypothalamus of 
the forebrain (Figures 31 and 3J), the tegmental region 
of the midbrain (Figures 3H and 3J), the ventral hindbrain 
(Figure 31), and the ventral neural tube throughout the 



length of the spinal cord (Figure 3L). Like the Nuk* recep- 
tor (Henkemeyer et at., 1994), the Nuk-pgal fusion pro- 
tein localized to early axon fibers of the peripheral ner- 
vous system (PNS), including the trigeminal nerves 
(Figure 31), the oculomotor nerves (Figure 3K), and the 
spinal motor nerves (Figure 3L). Nuk is therefore most 
highly expressed in ventral cells of the neural tube and 
within axons of the PNS. 

Axon Pathfinding Defect in Nuk 1 Mutant Brains 
Histological analysis of serial sections through a number 
of Nuk'/Nuk 1 brains revealed defects in a specific axon 
tract of the forebrain. In all 16 specimens examined, 
there was a striking reduction in the lateral projection 
of the anterior commissure. A section through the fore- 
brain of a NukW+ adult mouse (Figure 4A) exhibited a 
normal anterior commissure, composed of two major 
axon pathways: a horseshoe-shaped tract connecting 
the two olfactory bulbs (pars anterior, acA) and a lateral 
tract with projections between the two temporal lobes 
(pars posterior, acP). Sections at similar levels through 
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Figure 5. Abnormal Migration of acP Axons 
in Nuk 1 Homozygotes 

(A and B) Serial horizontal sections of neona- 
tal (Pa) brains at the level of the anterior, com- 
missure viewed under interference contrast 
microscopy. Sections (3) of each specimen 
are shown with the most ventral section de- 
picting the floor of the brain on the right and 
more dorsal sections to the left. 

(A) In a Nuk 1 /+ brain, the acA and acP tracts 
have formed thick bands of fibers crossing 
the midline. The acP tract is marked by 
arrows. 

(B) A much reduced acP tract was evident in 
the brain of a Nutf/Nuk* littermate (arrows). 
In the most ventral section, groups of bundled 
axons were observed to have abnormally mi- 
grated towards the floor of the brain (paired 
arrows). 

(C) Dye tracing of the temporal cortex in a 
Nuk'/Nuk 1 neonatal (PjJ brain. Dil crystals 
were placed into the temporal cortex of fixed 
brains and allowed to trace the cortical axon 
fibers. Fluorescent images of horizontal sec- 
tions corresponding to the ventral-most floor 
of the brain of one mutant are shown. The 
site of Dil placement in the temporal cortex 
is indicated (arrowhead). These sections doc- 
ument accumulations of Dil -labeled cortical 
axons that have migrated improperly towards 
the floor of the brain (arrows). 



NukVNuk 1 adult brains revealed a marked reduction of 
the acP axon tract (Figures 4B-4D). In adult brains, the 
acP tract was over 300 u,m thick, whereas, in all cases 
examined, the acP in Nuk'/Nuk 1 homozygotes was re- 
duced to less than 1 00 u.m. The specificity of this defect 
to the acP tract was highlighted by the presence of a 
normal acA tract in the mutants. 

To analyze this phenotype in greater detail, in vivo 
axon tracing experiments were performed on major fore- 
brain commissures, using vital fluorescent dyes. In sep- 
arate experiments, axons corresponding to the acP 
tract, acA tract, corpus callosum, or optic nerve were 
labeled by injecting a small amount of dye into the ap- 
propriate location of deeply anesthetized mice (Figure 
4E). Injected dye was then allowed to trace the axons 
in revived animals for 48 hr, after which brain tissues 
were serially sectioned and viewed under fluorescent 
microscopy. For the acA tract (Figure 4F), the corpus 
callosum (data not shown), and the optic nerve (Figure 
4G), dye-tracing experiments revealed that labeled ax- 
ons had properly crossed the midline to form normal 
functional pathways. To analyze the axonal projections 
of the acP tract, Fast Blue was injected into the pyrami- 
dal layer of the temporal cortex. As shown for a Nuk 1 / 
+ brain, a small amount of injected Fast Blue readily 
traced the acP tract and labeled neurons in the contralat- 
eral temporal cortex (Figure 4H). However, as the acP 
tract is much reduced in Nuk'/Nuk 1 homozygotes, few 
if any Fast Blue-labeled neurons were observed in the 
contralateral temporal lobe of mutant brains even when 
greater amounts of the dye were injected (n = 6; Fig- 
ure 41). 

To understand whether the acP tract forms normally 
and then degenerates later in life or whether it fails to 



form during embryonic development, we analyzed neo- 
natal brains by serial sectioning and dye-tracing studies. 
In brains from +/+ and A/u/c7+ animals, the acA and 
acP tracts were well formed, projecting through the mid- 
line into their contralateral targets (Figure 5A). However, 
in brains from Nuk'/Nuk* littermates, only the acA tract 
was well developed (Figure 5B). In all mutants examined, 
a much reduced number of acP axon fibers was ob- 
served to have migrated towards the midline. Instead, 
the majority of these axons appeared to have migrated 
as fasciculated bundles into the ventral floor of the fore- 
brain (Figure 5B, right). To confirm that these axons were 
inappropriate projections of cortical neurons, Fast Dil 
was stereotatically placed into the temporal cortex of 
neonatal brains and allowed to trace in vitro for 6 weeks. 
For all four Nuk 1 /Nuk 1 brains analyzed, misdirected axo- 
nal material was observed to label the ventral forebrain 
adjacent to the site of dye placement (Figure 5C). This 
confirms that the defect in the acP tract associated with 
the Nuk 1 mutation is primarily due to a failure of the 
temporal cortical neurons to extend axons laterally to- 
wards the midline and subsequently into the contralat- 
eral cortex. 

Nuk* 02 Homozygotes Can Exhibit a Normal 
Anterior Commissure 

The brains of adult and newborn mice homozygous for 
the Nuk 1 * 02 mutation were also analyzed for the presence 
of an intact anterior commissure. Since the Nuk-pgal 
fusion protein lacks the Nuk tyrosine kinase catalytic 
domain, it might be anticipated that Nuk** homozygotes 
would show the same defect as the Nuk 1 mutants. How- 
ever, in 1 29 inbred or 1 29 x CD1 mixed backgrounds, 
all Nuk^/Nuk** adult brains examined (n = 12) had 
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Figure 6. Nuk** Homozygotes Exhibit a Nor- 
mal acP Pathway 

(/V-C) Horizontal sections through the anterior 
commissure of a Nuk' /Nuk 1 (A) and two differ- 
ent 129 x C01 Nuk^/Nukf^ (B and C) adutt 
brains. Interference microscopy revealed a 
normal bundle of acP axons crossing the mid- 
line in the Nuk** homozygotes (arrows). 
(O and E) Coronal sections of Nuk^/Nuk** 
newborn (D) and E16.5 day (E) specimens. 
The acP tracts were well formed, appearing 
as a white bundle crossing the midline. These 
sections were stained for Nuk-pgal, indicat- 
ing that in this region of the brain, Nuk is most 
highly expressed in cells of the preoptic area 
and hypothalamus (hy). which lie directly un- 
derneath the acP tract- The acP axons did not 
stain for Nuk-pgal activity. In these sections, 
Nuk-£gai staining was localized to retinal 
ganglion axons in the optic chiasma (oc), in 
the trigeminal ganglia (tg), and, to a lesser 
extent in the thalamus (th). 



a normal acP fiber tract (Figure 6). Dye tracing of the 
temporal cortex further confirmed the presence of a 
normal acP axon pathway in these brains (data not 
shown). Volumetric reconstructions from morphometric 
analysis of the acP tract showed no difference between 
wild-type and Nuk** I Nuk** mice, while Nuk 1 /Nuk* mice 
exhibited up to an 80% reduction in the morphometric 
volume of the tract (data not shown). The acP tract in 
the Nuk tacZ /Nuk tacz mutants formed normally during em- 
bryonic development and could easily be detected in 
newborn and E16.5 day specimens (Figures 6D and 6E). 
These results indicate that a truncated Nuk receptor 
lacking the tyrosine kinase catalytic domain retains 
functions required for the pathfinding of temporal corti- 
cal axons. 

Nuk Expression Marks the Path of acP 
Axons in the Forebrain 

The expression of Nuk in the embryonic forebrain during 
the stages of acP axon migration and pathfinding was 
carefully analyzed using both anti-Nuk immunohisto- 
chemistry (data not shown) and by staining for Nuk-pgal 
activity (Figure 7). At E1 4.5, high expression of Nuk was 
detected specifically within the cells of the hypothala- 
mus and preoptic area directly underneath the acP axon 
fibers. Remarkably, there was very little to no expression 
in the acP axon bundles or in the cells of the brain 
directly above the commissure (see also Figure 6D). The 
acP axons appear to have traversed above the Nuk- 
expressing cells in the hypothalamus and preoptic area 
such that by E14.5 the leading growth cones have 
reached the midline, which has yet to fuse and remains 
separated by the third ventricle. As these axons accu- 
mulate near the midline, transient structures form similar 
to Probst's bundles (Probst, 1901), which appear to be 
bounded both below and above by Nuk-expressing cells 
(see Figures 7D and 7G). By E1 5.5, acP axons from both 
sides will have crossed the midline to migrate along the 
tract set up by the corresponding contralateral part- 



ner tract. Thus, the acP axons appear to migrate prefer- 
entially along a pathway defined by Nuk expression in 
the basal forebrain, in such a fashion that these axons 
do not migrate into the Nuk expression domain. More- 
over, in Nuk 1 homozygotes, the acP axons inappropri- 
ately migrate into this region, which would normally ex- 
press Nuk. 

Transmembrane Ligands Are Detected 
in the Anterior Commissure 

The apparent lack of Nuk expression in the axons form- 
ing the acP tract prompted us to examine the expression 
of the transmembrane ligands that bind Nuk. Antibodies 
raised against a peptide corresponding to a unique re- 
gion of the Lerk2 extracellular domain were used to 
characterize its expression in the forebrain. To test the 
specificity of this antibody, protein lysates of Lerk2 and 
Lerk5-transfected Cos1 cells were immunoblotted, and 
a protein of the expected 38 kDa was detected only in 
Lerk2-transfected cells (S. Holland, G. Mbamalu, N. 
Gale, G. Yancopoulos, M. H., and T. P. unpublished 
data). Anti-Lerk2 immunohistochemistry specifically la- 
beled the acA and acP tracts of the anterior commissure 
(Figure 8). In related experiments, the extracellular por- 
tions of the Elk and Nuk receptors were used as Fc- 
conjugated affinity reagents to probe for expression of 
Lerks. These reagents also labeled the anterior commis- 
sure, providing further evidence for Lerk expression in 
this particular axon tract (data not shown). 

Discussion 

Over the past century, a key interest of developmental 
neurobiology has been the formation of commissural 
axon tracts in the brain and spinal cord (Mihalkovics, 
1 877; His, 1 889; Langelaan, 1 908; Von Szily, 1 91 2; John- 
ston, 1913; Suitsu, 1920; Silver et al., 1982; Katz et ah, 
1 983). The results presented in this paper show that Nuk, 
a member of the Eph receptor tyrosine kinase family that 
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Figure 7. Expression of Nuk-fJgal in the Fore- 
brain at E14.5 

Coronal sections through the forebrain of 
129 x CD1 Nuk^/Nuk* 2 embryos were 
stained for Nuk-3gal activity. 
(A-C) Low magnification sections through the 
forebrain with (A) a more caudal/posterior 
section than (B) or (C). Nuk-pgal staining was 
detected in the hypothalamus (hy), the thala- 
mus (th), the hippocampus (h) t the optic chl- 
asma (oc) t the trigeminal ganglion (tg), and 
tongue (t). In the more posterior section (A), 
Nuk expression was detected throughout the 
hypothalamus, white in sections bisecting the 
acP tract (6 and C), Nuk is restricted to ventral 
cells. 

(O-G) High magnification views of the acP 
tract The boxed area in (B) is shown in (D), 
and the boxed area in (C) is shown in (F) and 
(G). The axons forming the acP tract appear 
as white bundled fibers migrating from the 
temporal cortex through the forebrain, gradu- 
ally curving toward the midline (arrows). Nuk- 
(Jgai was detected in the celts of the hypothal- 
amus underneath the acP and was not ob- 
served to label the axons themselves. The 
only region where strong Nuk-fJgal staining 
was detected above the acP axon fibers was 
in a patch of cells at the midline, directly 
above the growth cones that accumulate 
prior to midline fusion (asterisks in [D] and 
[G]). Scale bars: A-C, 200 ji.m; D f E t 50 urn; 
F, 25 jtm. 



binds transmembrane ligands, plays a unique role in 
the guidance of cortical axons that form the anterior 
commissure. The normal trajectory of these axons corre- 
lates with a boundary of Nuk expression in the ventral 
region of the brain, underlying the path of this com- 
missure. 

Nuk Is Required for Pathfinding 
of the Anterior Commissure 

In mice homozygous for the Nuk 1 protein-null mutation, 
the cortical axons forming the acP tract are misrouted 
and appear to project as fasciculated bundles into the 
ventral floor of the brain. Fluorescent dye-tracing stud- 
ies of the cortical neurons that form the anterior commis- 
sure have confirmed a functional defect in communica- 
tion between the two lobes of the temporal cortex. These 
observations provide direct evidence that Eph receptors 
are involved in the guidance and pathfinding of central 
nervous system axons. For Nuk, this function appears 



to be specific for the acP tract, as other axon pathways 
appeared normal in the mutant brains, including the 
partner acA component of the anterior commissure. 

A surprising finding is that correct pathfinding of the 
acP axons in 129 or CD1 mice can be supported by a 
truncated Nuk receptor that lacks the kinase domain. 
These results are not without precedent. In Drosophila, 
the essential functions of the abl cytoplasmic tyrosine 
kinase are also independent of its catalytic activity (Hen- 
kemeyer et al., 1 990). Indeed, tyrosine kinase-inactive 
forms of abl that exhibit proper subcellular localization 
to axons can rescue the lethality, sterility, and rough- 
eye phenotypes of abl mutant flies. The abl kinase activ- 
ity does become essential when the abl mutations are 
combined with mutations in interacting loci, including 
the gene disabled. Similarly, essential functions for Nuk 
tyrosine kinase activity have been revealed by the find- 
ing that both the Nuk 1 and Nuk** 2 mutations exhibit simi- 
lar double-mutant phenotypes when combined with a 
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Figure 8. Expression of Lerk2 in the Forebrain 
Horizontal sections of newborn brains were probed with affinity- 
purified anti-Lerk2 antibodies. 

(A and B) The acP (arrows) and acA tracts of the anteriorcommissure 
were labeled. 

(C) Pretncubating the anti-Lerk2 antibody with the Immunizing pep- 
tide abolished all staining. Scale ban 400 jtm. 

mutation in the related Sek4 gene (Orioli et al. f submit- 
ted). Furthermore, in a C57BLy6 genetic background, 
the Nuk** mutation induced a defect in the anterior 
commissure (our unpublished data), suggesting that the 
Nuk kinase domain may play a role in acP pathfinding 
that is only evident in specific mouse strains. 

How Does Nuk Guide acP Axons? 
The defective pathfinding of the acP axons is consistent 
with the restricted expression of Nuk in the ventral fore- 
brain. Even during early stages of neural development, 
the highest levels of Nuk protein are found in the ventral- 
most cells along the midline of the neural plate. More- 
over, as the neural tube closes (and throughout embry- 
onic development), the brain and spinal cord continue 
to express Nuk almost solely in ventral-cell types, with 
the most intense levels being detected in the forebrain 
and midbrain (see Figures 3H and 3J). Well before the 



birth of the cortical neurons that will extend acP axons, 
the early expression of Nuk in the ventral forebrain marks 
cells that will eventually form the preoptic area and hy- 
pothalamus. 

An expectation arising from the defect in acP axon 
guidance in Nuk 1 homozygous mice is that Nuk should 
be expressed in the commissural axons and function in 
these cells to control growth cone motility in response 
to transmembrane ligands in surrounding cells. How- 
ever, expression analysis of Nuk and its ligands in the 
region of the developing commissure indicates that this 
scheme may be too simplistic. Nuk was not detected 
at significant levels in the acP axon fibers themselves. 
Instead, we found high levels of Nuk expressed specifi- 
cally in cells of the preoptic area and hypothalamus 
immediately ventral to the commissure. In contrast, 
transmembrane ligands (i.e., Lerk2) were identified in 
the acP axons. Hence, although it is possible that a low 
level of Nuk is present and functions in the acP axons, 
an alternative model is that correct pathfinding of axons 
forming the anterior commissure depends on Nuk ex- 
pression in the ventral cells over which the acP axons 
migrate. This latter hypothesis is more consistent with 
the expression data of Nuk and its ligands. Thus, the 
role of Nuk in guiding acP axons may not be cell-autono- 
mous, in the sense that Nuk is not significantly ex- 
pressed in the axons that are affected by the Nuk 1 mu- 
tation. 

As shown in Figure 7, by E14.5 the axons of the ante- 
rior commissure have migrated from the temporal cortex 
across one side of the brain, and their growth cones 
accumulate near the midline. In these sections, Nuk 
expression in the preoptic area and hypothalamus ap- 
peared to mark a pathway along which the acP axons 
migrate. In wild-type and Nuk** 2 homozygotes, very few 
axon fibers were observed to stray from this trajectory 
and project into the Nuk-expression domain. However, 
in Nuk 1 homozygotes, the great majority of the acP ax- 
ons migrated aberrantly, projecting down into the region 
of the ventral forebrain that would normally express Nuk. 
The most straightforward interpretation of these obser- 
vations is that the Nuk receptor exerts a repulsive func- 
tion that prevents acP axons from migrating ventrally 
into the preoptic area and hypothalamus. 

Support for the idea that Nuk provides a cue to guide 
acP axons came from a close examination of Nuk ex- 
pression along the path of the developing axon tract, 
which indicated that a small pocket of nonexpressing 
cells formed near the midline (Rgure 7G). The growth 
cones of the acP axon fibers appear to migrate into this 
pocket and to accumulate prior to fusion of the midline, 
in an area where they are bounded by Nuk-expressing 
cells on. all sides. Midline fusion would then provide a 
route for the axons to cross and migrate towards the 
contralateral cortex. In the scheme proposed above in 
which Nuk may have a repulsive effect on axon migra- 
tion, Nuk expression can be envisaged as forming a 
conduit that, through its inhibitory effects, would force 
the migration of acP axons towards and ultimately 
across the midline. 

The suggestion that Nuk acts in cells in the brain 
ventral to the acP tract, rather than in the axons them- 
selves, may explain the finding that these axons project 
normally to their contralateral targets in 129 and CD1 
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Nuk** homozygotes. The ability of the Nuk-pgal fusion 
to promote normal pathfinding of the anterior commis- 
sure suggests that the extracellular, transmembrane, 
or juxtamembrane regions of Nuk are critical for acP 
guidance, and that the tyrosine kinase catalytic domain 
is not. 

How might the kinase-defective Nuk-pgal fusion pro- 
tein control axon guidance? It is possible that Nuk-pgal, 
which retains the juxtamembrane region containing po- 
tential autophosphorylation sites, can form heterodim- 
ers with other Eph receptors such as Sek4 and thereby 
contribute to intracellular signaling and axon pathfind- 
ing. However, as neither Nuk + nor Nuk-(3gal are signifi- 
cantly localized to the acP axons, they are unlikely to 
act in a cell-autonomous fashion within the anterior 
commissure. Conceivably, Nuk-pgal, by heterodimeriz- 
ing with other Eph family receptors, could function in 
the preoptic area and hypothalamus to regulate cell 
adhesion molecules involved in axon migration. How- 
ever, since pgal is only catalytically active as a tetramer, 
the Nuk-pgal fusion protein must homooligomerize 
through its pgal moiety, perhaps interfering with its abil- 
ity to heterodimerize with other Eph receptors. This may 
explain why Nuk-pgal does not exhibit a dominant-nega- 
tive phenotype, even though this might have been antici- 
pated (Xu et a!., 1995). 

An alternative explanation for our observations is that 
the extracellular domain of Nuk + or Nuk-pgal, when ex- 
pressed on the surface of cells in the preoptic area and 
hypothalamus, provides a direct signal that guides the 
migration of acP axons. This could be achieved if trans- 
membrane Lerks, which are apparently expressed on 
acP axons, themselves function as signaling molecules 
upon interaction with the Nuk extracellular domain. Both 
Lerk2 and LerkS have highly conserved 83 amino acid 
cytoplasmic domains and are identical in their C-termi- 
naf 33 residues, including several potential tyrosine 
phosphorylation sites (Beckmann et al., 1994; Davis et 
al., 1 994; Fletcher et al. f 1 994; Shao et al., 1 994; Bennett 
et al., 1995; Bergemann et al., 1995; Kozlosky et al., 
1995). Furthermore, we have noted that both Lerk2 and 
Lerk5 become highly phosphorylated on tyrosine when 
coexpressed in Cos cells with an activated Src cyto- 
plasmic tyrosine kinase (S. Holland, G. Mbamalu, N. 
Gale, G. Yancopoulos, M. H., and T. P., unpublished 
data). By receiving guidance cues from the Nuk extracel- 
lular domain, transmembrane Lerks might then trans- 
duce these signals into the acP axons, potentially in 
conjunction with a tyrosine kinase, resulting in a modifi- 
cation of their migration and pathfinding. This scheme 
is clearly not incompatible with a signal being transmit- 
ted by Nuk into the Nuk-expressing cells upon contact 
with the corresponding Lerks. Nuk has been shown to 
localize at sites of cell-cell contact (Henkemeyer et al. t 
1994), and Lerks are known to stimulate the tyrosine 
kinase activity of receptors only upon clustering or mem- 
brane attachment (Davis et al., 1 994). Thus, it is possible 
that Nuk and its transmembrane ligands function in bi- 
directional signal transduction pathways activated at 
sites of cell-cell junctions. 

Multiple Functions for Eph Receptors 
and Their Ligands 

Nuk is highly localized in the axons of retinal ganglion 



of sensory and motor neurons in the PNS (Henkemeyer 
et al., 1994; data not shown). This suggests that Nuk 
may act directly within these axons to control neuronal 
pathfinding or targeting. The lack of any obvious pheno- 
type affecting these structures in Nuk 1 or Nuk 1 ** 1 homozy- 
gous mutant mice may be due to the compensating 
effects of other Eph receptors. The Eph receptor Mek4, 
which binds GPHinked ligands, is expressed in a tem- 
poral-to-nasa! gradient in the chick retina, and the 
Lerks, RAGS, and ELF-1 have been detected in poste- 
rior-to-anterior gradients in the tectum (Cheng et al., 
1 995; Drescher et al., 1 995). Furthermore, cells express- 
ing RAGS induce retinal axons to undergo growth cone 
collapse in vitro (Drescher et al., 1995). These observa- 
tions have led to suggestions that Eph receptors act in 
retinal axons to control pathfinding and that repulsive 
activities of the GPI-linked Lerks may function to estab- 
lish a topographic map of the retina in the brain. Interest- 
ingly, we have also observed a gradient of Nuk expres- 
sion in the retina; however, this receptor forms a 
ventral-to-dorsal gradient. This raises the possibility 
that the two different classes of Eph receptors and li- 
gands may serve complementary functions during the 
pathfinding of retinal ganglion cell axons. Experiments 
are in progress to investigate whether the retinal-tectal 
map is affected in A/uAc-mutant mice. 

A direct analysis of Eph receptor function by targeted 
mutation of the Nuk gene in mice has revealed a pro- 
found defect in the pathfinding of a specific axon tract 
of the anterior commissure. While our results show that 
Eph receptors are indeed important for directing axon 
migration in the central nervous system, they also indi- 
cate that the functions of Eph receptors and their ligands 
in the brain may be more complex than proposed for 
the PNS or retinal-tectal system. This is suggested 
by the finding that Nuk is strongly expressed by cells 
of the brain immediately ventral to the acP migration 
route, while the transmembrane Lerks are highly local- 
ized to the axons of cortical neurons, and by the obser- 
vation that a kinase-defective form of Nuk can suffice 
to support normal pathfinding of the acP fibers. These 
results suggest that Eph receptors and their ligands 
play a dynamic role in controlling cell movements in the 
developing nervous system. 

Experimental Procedures 
Nuk Gene Targeting 

The Nuk 1 targeting vector was constructed by inserting 4 kb and 
6.6 kb fragments of cloned 1 29 strain genomic DNA from the 5* end 
of the Nuk gene into pPNT (Tybulewicz et al., 1991). To construct 
the Nuk-lacZ targeting vector, we first modified a 2.5 kb genomic 
fragment of Nuk by site-specific mutagenesis to contain an Ncol 
restriction site in the exon sequence at codon 622. The Ncol site 
was then used to fuse this Nuk exon in-frame with a 3.5 kb facZ 
cassette (pATG/acZ) that also contains at the 3' end an SV40 eukary- 
otic polyadenylation sequence (Catzonetti et aJ., 1995). This 6 kb 
Nuk-lacZ fragment served as the 5' arm and was cloned into pPNT. 
The 3' arm consisting of a 5 kb Nuk genomic fragment was subse- 
quently inserted between the neo and tk selection cassettes. Linear- 
ized targeting vectors were electroporated into the ES cell line Rl 
(Nagy et al., 1 993), and colonies were isolated following selection 
in Q418 and ganciclovir fWurst and Joyner, 1993), expanded, and 
genomic DNA screened by Southern blotting. The frequency of ho- 
mologous recombination was 1 0 of 21 5 {Nuk 1 ) and 3 of 1 25 (Wi/Ar**) 
cell lines screened. Germline transmission was obtained by generat- 
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Biochemical Analysis 

For the in vitro kinase assay, individual embryos were collected, 
and yolk sac DNA was used to genotype for the Nuk* mutation. 
Embryo' lysates were prepared, and in vitro kinase assays were 
performed essentially as described (Henkemeyer et al., 1994). 

For biotinylation of cell-surface proteins, primary cultures of brain 
cells were obtained by treating postnatal day 4 (P 4 ) brains with 
trypsin/EDTA and plating in Dulbecco's modified Eagle's medium 
supplemented with 20% fetal calf serum. After 2 days, adherent 
cells were passaged onto two plates and allowed to recover for a 
further 2 days. The extracellular region of cell-surface proteins from 
these cultures was labeled with N-hydroxy succinimide-biotin (Cal- 
biochem). Adherent cells were washed two times in. phosphate- 
buffered saline (PBS) containing Ca 2 * and Mg 2 ' and then incubated 
two times with rocking for 30 min each at room temperature in 
freshly diluted 0.5 mg/ml N-hydroxy succinimide-biotin in PBS con- 
taining Ca 2 ' and Mg 2 *. Cells were washed by rocking for 10 min at 
room temperature in Dulbecco's modified Eagle's medium plus 1 0% 
fetal calf serum to quench excess N-hydroxy succinimide-biotin 
and then washed two times in PBS containing Ca 2 " and Mg 2 *. Cells 
were lysed in TxLB (1% Triton X-100, 138 mM NaCI, 20 mM Tris 
[pH 8.0], 2 mM EDTA, 10% glycerol, plus protease inhibitors) and 
protein concentrations determined by a bicinchoninic acid assay 
(Pierce). Immunoprecipitations were performed with 250 jig/ml of 
lysate and either anti-Nuk (Henkemeyer et al. t 1994) or anti-pgal 
(Cappel #55976) rabbit antisera and Protein A-sepharose. Alterna- 
tively, avidin-agarose beads were used to precipitate biotinylated 
proteins. I mmu no precipitates were washed three times in TxLB, 
denatured, resolved on 8% polyacrylamide gels, and transferred to 
Immobilon-P membranes (Millipore). The membranes were blocked 
using 1 % gelatin in TBST (0.05% Tween-20) and then Western- 
blotted in TBST plus 0.5% gelatin with avidin-HRP (BioRad, 
1 :50,000) followed by chemiluminescence (ECL, Amersham). Anti- 
pgal or anti-GAP (Ellis et al., 1990) Western blots utilized Protein- 
A-HRP (BioRad) as the secondary reagent. 

Nuk-pgal Staining 

For whole-mount staining, embryos were collected in 0.1 M PBS 
(pH 7.3), incubated at room temperature for 30 min in fresh lacZ fix 
buffer (0.2% gluteraldehyde, 5 mM EGTA, 2 mM MgCl 2 in PBS), 
rinsed several times in wash buffer (2 mM MgCI 2 , 0.02% NP-40 in 
PBS), and incubated at 37°C overnight in lacZ staining buffer (wash 
buffer containing 1 mg/ml X-gal, 2.1 2 mg/ml potassium ferrocyanide, 
and 1 .64 mg/ml potassium femcyanide). Embryos were then rinsed 
in wash buffer, postfixed in formalin, dehydrated in an ethanol series, 
and cleared in benzyl alcohol: benzyl benzoate (1:2) immediately 
prior to observation and photography. For histochemical analysis, 
embryos were dehydrated in ethanol, embedded in paraffin, sec- 
tioned at 6 jim, and counterstained with nuclear-fast red. 

For later stages of development, unfixed specimens were embed- 
ded in OCT and immediately cryosectioned at 15 jan. Air-dried 
sections were immersed in lacZ fix buffer for 8-1 0 min at room 
temperature, rinsed through multiple changes in wash buffer for 20 
min, incubated at 37°C overnight in lacZ staining buffer, rinsed in 
wash buffer, postfixed in formalin, and counterstained with nuclear- 
fast red. 

Bright-field photography was carried out with a Wild M10 mac- 
roscope or a Leitz DMRXE compound microscope using Kodak EPY 
64 tungsten slide film. 

Immunohistochemistry 

Newborn mouse heads were fixed at 4°C for 24 hr in 4% parafor- 
maldehyde in PBS, washed at 4°C in PBS, embedded in OCT, cryo- 
sectioned at 1 5 fim, and allowed to air dry overnight Immunohisto- 
chemistry using 4 p.g/ml of affinity-purified anti-Nuk antibodies 
(Henkemeyer et al., 1 994) or anti-Lerk2 (A-20) antibodies (Santa Cruz 
Biochemicals) was performed with the ABC Elite detection system 
(Vector Laboratories). 

Morphological Analysis of Mutant Brains 

Adult mice were anesthetized and perfused with 20 ml PBS, followed 
by 40 ml of 4% paraformaldehyde. Tissues were then dissected, 
postfixed In 4% paraformaldehyde, equilibrated in 30% sucrose, 
and embedded In OCT, and 30 jim serial horizontal sections were 



obtained through the desired region using a Reichert-Jung model 
2800 frigocut E cryostat. Samples were photographed using a Leitz 
wetzlar scope equipped with interference contrast optics mounted 
on a 360° rotating slide platform. 

Dye Tracing of Mutant Brains 

Axons forming the optic nerve were labeled by injecting approxi- 
mately 1 >il of 1% modamine B dextran (Molecular Probes) into 
the retina of anesthesized adult mice through a microneedle that 
obliquely penetrated the corneal-scleral boundary. Axons forming 
the acA tract were labeled by injecting into anesthetized mice ap- 
proximately 1 m-I of 1 % rhodamine B dextran into the anterior portion 
of the olfactory bulb. Axons forming the acP tract in adult mice were 
labeled by Injecting into anesthetized mice 0.4-1 .8 jjlI of 3% Fast 
Blue (Gross Umstat) stereotactically into the temporal cortex (0.5 
mm ventral to the ventral boundary of the junction of the frontal and 
parietal bones, immediately anterior to the zygomatic arch; at an 
angle of 110° from the vertical, at a depth of 1.0 mm). Injected dye 
was allowed to trace axons in vivo in resuscitated animals for 48 
hr. The animals were then perfused with paraformaldehyde, and 
serial sections through the appropriate brain tissue were obtained 
and viewed under fluorescence microscopy. 
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Some receptor tyrosine kinase genes are mutated in inherited and somatically acquired human 
cancers. To permit mutational analysis, the complete genomic structure of the human EPHA1 gene 
on chromosome 7q34 was determined and oligonucleotide pairs were designed to amplify coding 
regions. The gene contains 1 8 exons, two more than the related tyrosine kinase, EPHB2. Presumed 
sequencing errors in the published cDNA sequence of EPHA1 were identified in exons 10 and 
11. Availability of this information will facilitate mutational analysis of EPHAh 
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INTRODUCTION 

Receptor tyrosine kinases are a large family of trans- 
membrane molecules that includes the platelet-de- 
rived growth factor (PDGF), epidermal growth factor 
(EGF), fibroblast growth factor/heparin binding growth 
factor (FGF/HBGF), and insulin receptor subfamilies. 
These molecules transduce extracellular signals in- 
volved in various cellular processes.' Mutation of 
tyrosine kinases have been implicated in pathogenesis 
of human cancer. Germline mutations of MET and 
RET proto-oncogenes have been found in hereditary 
papillary renal cancer 1 and multiple endocrine neo- 
plasia type II, 2 respectively, and acquired mutations 
of MET have been found in sporadic papillary renal 
cell cancer. 1 Mutations of MET in hereditary papillary 
renal cell cancer are associated with trisomy of chro- 
mosome 7, on which MET is located, suggesting that 
duplication of the mutated copy of MET is a second 
alteration necessary for malignant transformation. 
Thus, trisomy may be associated with tyrosine kinase 
mutation. 



About 30% of sporadic colon, lung and kidney 
tumours have trisomy of chromosome 7. 3 However, 
MET mutations were found in only 3 of 60 (5%) 
sporadic papillary renal tumours' and have not been 
reported in colon and lung tumours. Thus, mutations 
of other tyrosine kinase receptors on chromosome 7 
may be found in these tumour types. 

EPHA1 (also known as eph) is located at chro- 
mosome 7q34 and is the prototype for a 14 member 
subfamily of the tyrosine kinase receptor family. 45 
When bound to the appropriate ligand (known as 
ephrins) these receptors have been shown to modulate 
cellular growth, differentiation and mitogenic ac- 
tivities. 6 Some members of the eph family, including 
EPHA1, have been implicated in carcinogenesis. 7 
EPHA1 is expressed in a subset of human cancer cell 
lines, 8 and transfection of the full length cDNA into 
NIH-3T3 cells results in increased colony formation 
in soft agar and development of tumours in nude mice. 8 
The genomic structure of oniv the tyrosine kinase do- 
main of the EPHA1 has previously been determined. 8 
Therefore, as a prerequisite to mutational analysis of 
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TabJe 1. Exon characteristics and amplification primers for EPHA1 



Number 


Exon size 


lntron J size 


Amplification primers 


Annealing 


Amplified 




\op) 


lupj 




temperature 




OZ 


IN U/ 


GGTCGGTACCTTCCTTGGCG 


-?r\ 


1 54 


z 


AA 
DO 


Njn 

IN L> 


ACTGGCCTTCCAGGAGTTTT 


ah 

DU 


727 
zz / 


~i 
j 


1 A 7 
ZOZ 


~ 1 1 DU 


CATTCCCAAACTCAGTGCCA 


Oj 


1 7 ^4 
1 Z J** 


A 

*T 




7 "17 
Z J/ 


a a a aTrarrTf;^^r , aTf:rTn 

ftnnn 1 1 uuuL>n 1 O^j 1 o 

GGAGAGAGAACGCAGCAGAG 


tc 

OJ 


1 j j 7 


c 
J 


1 ^A 

1 JO 


111 
J I Z 


CAGAGAAGCTCAGGTTTCGG 


OJ 


605 


O 




1 ^7 


GTCCAGAGGGATAAGGTTGG 


Oj 


7 JZ 


7 


lit; 

1 Z J 


Z DU 


GGAAAACGAGAATCCCAAGC 


ft ^ 


1112 


Q 

O 


1 j4 


7 en 

Z JU 


GGAAAACGAGAATCCCAAGC 


O J 


1117 

Mil 


Q 




1 OR 


G T AG C AAAAC AC AAG AG C C C 


API 


71 1 
/ j 1 


1 U 


jy 


/y j 


GT AGC AAAAC AC AAG AGCCC 


ah 


71 1 
/ j 1 


1 1 


1 ZD 


QA 1 


AACTCTTGGACCAGAGAAGCCAG 


A^ 
D D 


77^ 
J / j 


i 7 
1 z 


1 OO 


1 Jo 


Caijtj AuAt* Atj 1 Ijtj 1 tjAA I Auts 

CTGTGATGATCATGATCGGC 


A^ 


jj" 


13 


186 


106 


CAGTGGTGGAACTTCCTTCG 
GAAGCTTCTGGAAGTGTGGC 


65 


1669 


14 


207 


464 


CAGTGGTGGAACTTCCTTCG 
GAAGCTTCTGGAAGTGTGGC 


65 


1669 


15 


150 


329 


CAGTGGTGGAACTTCCTTCG 
GAAGCTTCTGGAAGTGTGGC 


65 


1669 


16 


194 


ND 


TTATCTTGTGTGACCGTCGG 
CGTCTTGCCTCATACACTGG 


60 


406 


17 


156 


ND 


TTCAGCTTCCTCTCAGACAGG 
AAGAATGCGCTTCTGGTGC 


65 


649 


18 


79 




GACACCATGGAGTGTGTGCT 
CCCCACCTCCCTTTTAAAAC 


65 


386 



"Size of intronjol lowing indicated exon; introns with exact sizes stated were completely sequenced, while others were partially 
sequenced. 

b Exons 7-8, 9-tO and 13-15 are amplified with a single polymerase chain reaction each. 
ND = nodata 



EPHA 1 in cancer, we determined the complete intron/ 
exon structure of this gene to allow amplification of 
the coding regions using genomic DNA as template. 

MATERIALS AND METHODS 

Polymerase chain reaction (PCR) was performed in 
100|il reaction volume containing IX PCR buffer, 
1*5 mM MgCU, 5 units Taq platinum (Life Tech- 
nologies, Gaithersburg, MD, USA), 0-2 nriM each 
dNTP, and 0-2 \im each oligonucleotide primer. Typ- 
ical cycling conditions were initial denaturation of 
94°C for 2 min followed by 30-40 cycles of 94°C for 



30s, annealing temperature (see Table 1) for 30 s, 
and 72°C for 2 min and final extension time of 1 0 min 
at 72°C. Polymerase chain reaction products were 
purified using QIAquick Spin PCR Purification Col- 
umns (Qiagen, Santa Clarita, CA, USA) per manu- 
facturer's recommendations. An EPHA1 BAC clone 
was obtained by screening a human BAC library 
(Research Genetics, Huntsville, AL, USA) with EPHA 1 
oligonucleotides from both the 5' and 3' end of the 
cDNA. Approximately 400 ng of the PCR product or 
2 \ig of BAC plasmid DNA was sequenced using 
BigDye terminator kit (Perkin Elmer, Norwalk, CT, 
USA). DNA sequences have been submitted to Gen- 
Bank (AF10V1 65-AF101 1 71 ). 
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qcccqq age t ATCC^CCGCCCCTCCCCCCrCCGGCTACGCCTGGTCCTCCTCCTCT 
GCGCCCCGCTGCCCCCGGGGGCGCGCGCCAAGGAAG^caccgacc 



GGTGCAACTTCCTTCGAGAGCCAACTATCATGCGCCAGTTTAGCCACCCCCATAr 
. CTGCATCTGGAAGGCCTCGTCACAAAGC?tacgatgag 



Exon 2 cca c 1 1 t cagTTACTCTGATGCACACAAGCAAGGCACAGGGAGAGCTGGGCTGGCT 
CCTGGATCCCCCAAAAGATGGGgt a ag t g t c 



Exon 13 tgtgtC'C 3 gGAAAGCCGATCATGA T CAT 1ACAGAAT7TATGGAGAATGGAGCCC7 
GGATGCCTTCCTGAGGgtgaggaggg 



Exon 3 CCCCttgca gTGGAGTGAACAGC AACAGAT AC7GAATCGGACACCCCTGTACATGT 
ACCA<XLACTGCCCAATGCAAGGACGCAGAGACACTGACCACTCCCTTCGCTCCAAT 
TGGATCTACCGCGGCGAGGAGGCTTCCCGCGTCCACGTGGAGCTGCAGTTCACCGT 
GCGCGACTGCAAGAGTTTCCCTGGGGGAGC CGOOC CTCTGGGCTGCAA^ 
TCAACCTTCTGTACATGGAGAGTGACCAGGATGTGGGCATTcagctccgac 



CC t gc t g cagGAGCGGGAGGACCAGC 7G- 3 7 C CCTCGGCAGCTAGTGGCCATGC 7GC 
AGGGCATAGCATCTGGCATGAACTACCTZAjTAATCACAATTATGTCCACCGGGAC 
CTGGCTGCCAGAAACATCTTGGTGAATCA^AACCTGTGCTGCAAGGTGTCTGACTT 
TGGCCTGACTCGCCTCCTGCATGACTTTGATGCCACATACGAAACCCAGgt tagag 
gec 



Exon4 ttctacccagGTAACCACGGTGGCTGCAGACCAGAGCTTCACCATTCGAGACCTTG 

cgtctggctccgtgaagctgaatgtggagcgctgctctctgggccgcctgacccgc 
cgtg<xx:tctacctcgctttccacaacccgggtgcctgtgtggccctggtct 

CCGGGTCTTCTACCAGCGCTGTCCTGAGACCCTGAATGGCTTGGCCCAATTCCCAG 



gccttCttagGGAGGAAAGATCCCTA7CCGr:GGACAGCCCCTGAAGCCATTGCCC 
ATCGGATCTTCACCACAGCCAGCGAT2TGTGGAGCTTTGGGATTGTGATGTGGGAG 
GTGCTGAGCTTTGGGGACAAGCCTT ATGC-GGAGATGAGCAATCAGGAGg t ga gc c c 
ag 



Exon 5 ctctctcc^gCCTGCCCTAGCGGCTCCTACCCX^^ 

TCTCACGTGCCCCCAGCAGAGCACTGCTGAGTCTGAGGGGGCCACCATCTGTACCT 
GTGJUyiGCGG^CATTACAGAGCTCCCGCGGAGGGCCCCCAGGTGGCATGCACAGg t 



cgccg t gca gGTTATGAAGAGCATTGAGGATGGGTACCGGTTGCCCCCTCCTGTGG 
ACTGCCCTGCCrCTCTGTATGAGCTCATGAAGAACTGCTGCGCATATGACCGTGCC 
CX^CG^CACACTTCCAGAAGCTTCAGGCACATCTGGAGCAACTCCTTGCCAACCC 
CCACTCCCTGCGGACCATTGCCAACTTTGACCCCAGgCaaccatgc 



Exon 6 t C t ccca CagGTCCCCCCTCG<iCCCC CCGAAACCT GAGCTTCTCTGCCTCAGGGAC 
TCAGCTCTCCCTGCGVTGCX^CCCCCAGCAGATACGGCGGGACGCC^^ 



CAGCCCTtTra^TO^GTGCACTTCTCCrcCGOC^^ 
TGCAGTGCATGTCAATGGCCTTGAACCTTATGCCAACTACAcc tttaatgt 

Exon 7 ggacccccagAGTCACTGTCAGGCCTGTCTCTGAGACTGGTGAAGAAAGAACCGAG 
GCAACTAGAGCTtyVCCTGGGCGCGGTCCCGGCCCCGAAGCCCTGGGGCGAACCTGA 
CCTATGAGCTGCACGTGCTGAACcaggtcagga 

Exon 8 c t ccaac ccaCAGGATGAAGAACGGTACCAGATGGTTCTAGAACCCAGGGTCTTGC 
TGACAGAGCTGCAGCCTGACACCACATACATCfTTCAGAGTCCGAATGCTGACCCCA 
CTGGGTCCTGGCCCTTTCTCCarTGATCATGAGTTT^ 
ggtacc 

Exon 9 gtgcctacagTGTCCAGGGGCCTGACTGGAGGAGAGATTGTAGCCGTCATCTTTGG 
GCTGCTGCTTGGTGCAGCCTTGCTGCTTGGGATTCTCGTTTTCCGGTCCAGgtgcc 
agctc 

Exon 10 AcccccacagGAGAGCCCAGCGCCAGACGCAG-ZAGAGGCAGCGTGACCGCGCCACC 
GATGTGGATCG AGg tgagtcggg 

Exon II ctgcccata gAGGACAAGCTGTGGCTGAAGCCT7ATGTGG_ACCTCCAGGCATACG 
AGGACCCTGCACAGGGAGCCTTGGACTTTA_CCC 3GGAGCTTGArCCAGCGTGGCT 
CATGGTGGACACTGTCATAGGAGAAGg tgagc c::: 

Exon 12 C tctacccagGAGAGTTTGGCGAAGTGTATCGAGO-3ACCCTCACGCTCCCCAGCCA 
GGACTGCAAGACTGTGGCCATT AAGACCTT AAAA. GAC AC ATCCCCAGGTGGCC AGT 



RESULTS/DISCUSSION 

To determine the intron/exon borders of EPHA 7, we 
first predicted the location of introns within the EPHA 1 



Exon 17 tgtcccacagGGTGACTCTTCGCCTGCCCAGCCTGAGTGGCTCAGATGGGATCCCG 
TATCGAACCGTCTCTGAGTGCCTCGAGTCCATACGCATGAAACGCTACATCCTGCA 
CTTCCACTCGGCTGGGCTGGACACCAT^AGTGTGTGCTGGAGCTGACCGCTGAg t 
aaggagee 

Exon 18 ttgcccacagGGACCTGACGCAGATGGGAATCACACTGCCCGCGCACCAGAAGCGC 
ATTCTTTGCAGTATTCAGGGATTCAAGGACTGATCCCTCCTCTCACCCCATGCCCA 
GTCAGGGTGCAAGGAGCAAGGACGGGGCCAAGCTCGCTCATGGTCACTCC 
CCCTTCCCACAACCTGCCAGACTAGGCTATCGGTGCTGCTTCTGCCCACTTTCAGG 
AGAACCCTGCTCTGCACCCCAGAAAACCTCTTTGTTTTAAAaggga gg t gg 

Fig. 1. Partial Genomic Sequence of EPHAL Intron 
sequence is in lower case, exon sequence in upper case. 
The bold nucleotides in exon 10 and 11 indicate the 
location of an inserted base pairs compared to the 
previously published cDNA sequence (GenBank 
accession number Ml 8391). Underscores in exon 11 
indicate the location of deletion,^ 1 bp and 25 bp, 
respectively. These sequences and additional intron 
sequence has been submitted to GenBank (accession 
numbers AF101 1 65-AF1 01 1 71 ). 



cDNA by alignment to EPHB2 [cek5 (Chicken embryo 
/cinase 5)], for which intron/exon borders have been 
determined. 9 Using oligonucleotides designed to 
amplify across the presumed introns, PCR'products 
containing EPHA1 cDNA sequence were amplified 
from genomic DNA. Inspection of DNA sequence 
identified intron/exon borders (Fig. 2). 

No PCR products were obtained using this strategy 
for introns following exons 1,2,9, 10 and 1 7. Instead, 
a human genomic BAC clone, 494m 18, which con- 
tains the entire EPHA 7 gene, was obtained and par- 
tially sequenced. Intron/exon borders were identified 
for all exons. Only 9 bp of sequence could be obtained 
from the 5' end of introp 1, probably due to strong 
secondary structure in this area. Primers capable of 
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Fig. 2. Schematic representation of the relative size of EPHA1 introns and exons (a) and relative size and position of 
EPHA1 and EPHB2 exons (b). Only coding regions of exons are shown. Arrows indicate position of EPHA1 introns not 
found in EPHB2. EPHB2 based on perviousiy published genomic structure from chicken. 9 



amplifying each exon and adjacent splice sites from 
genomic DNA were designed (Table 1), with the 
exception of exon 1, where the primers do not amplify 
the 1 1 bp at the 3' end of the exon. 

Eighteen coding exons were identified, two more 
than the related EPHB2, There may also be non- 
coding exons upstream of exon 1, as this region was 
not sequenced. Alignment of EPHA1 and EPHB2 
cDNA's indicates that EPHA1 exons 3-4 and 12-13 
correspond to a single exon each in EPHB2. Thus, 
the two additional exons of EPHA1 (one in the extra- 
cellular domain and one in the tyrosine kinase 
domain) arise by replacement of one EPHB2 exon 
with two in EPHA1, or conversely, the joining of 
two exons of EPHA1 into a single exon in EPHB2. 
Determination of the genomic structure of additional 
members of this subfamily might distinguish these 
alternative evolutionary events. 

The coding regions contained multiple sequence 
variations from the published EPHA1 cDNA 
sequence. 10 Four of these variations (insertion of G 
after nucleotide 1835, insertion of G after nucleotide 
1876, deletion of nucleotide 1893, and deletion of 
nucleotides 1 939-1 963; Fig. 1 ) result in reading frame 
shifts and likely represent sequencing errors in the 
original cDNA sequence. Alternate splicing of the 
involved exons (1 0 and 1 1 ) was excluded by complete 
sequencing of the intervening introns. These four 
frameshifts are absent from an unreferenced partial 
EPHA 7 cDNA (GenBank accession number Z2 7409). 
Therefore, the correct EPHA1 protein contains a 



unique stretch of 36 amino acids between the trans- 
membrane and tyrosine kinase domains in place of 
44 amino acids in the published sequence. 

Additional variations noted were three missense 
changes (nucleotide 1286, GCG Ala to GGG Gly; 
nucleotide 2240, GCA ala to GGA Gly; and nuc- 
leotide 2340, GCA Ala to GGA Gly), three silent 
changes (nucleotide 282, C to G; nucleotide 780, C 
to G; and nucleotide 1 929, T to C), and three changes 
in the 3' untranslated region (nucleotide 3072, A to 
G; nucleotide 31 75, G to A; and nucleotide 3180, A 
to C). Each of these variants may represent sequencing 
errors or polymorphisms. The determination of the 
correct cDN A sequence and complete genomic struc- 
ture, as well as identification of primers capable of 
amplifying the coding regions, will now allow analysis 
of the role intragenic mutation of EPHA1 plays in 
human cancer. 

©1999 US Government 
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The Eph family of receptor protein-tyrosine kinases 
,|. «<s) have recently been implicated in patterning 
a i wiring events in the developing nervous system. 
Eph receptors are unique among other RTKs in that 
thev fall into two large subclasses that show distinct 
ligand specificities and for the fact that they themselves 
might function as 'ligands', thereby activating bidirec- 
tional signaling. To gain insight into the mechanisms 
-of ligand-receptor interaction, we have mapped the 
!j,,nd binding domain in Eph receptors. By using a 
.s of deletion and domain substitution mutants, we 
now report that an N-terminal globular domain of the 
Nuk/Cek5 receptor is the ligand binding domain of the 
transmembrane ligand Lerk2. Using focus formation 
assays, we show that the Cek5 globular domain is 
sufficient to confer Lerk2-dependent transforming 
activity on the Cek9 orphan receptor. Extending our 
b; ?uling studies to other members of both subclasses 
ceptors, it became apparent that the same domain 
is used for binding of both transmembrane and 
glycosylphosphatidyl-anchored ligands. Our studies 
have determined the first structural elements involved 
in ligand-receptor interaction and will allow more fine- 
tuned genetic experiments to elucidate the mechanism 
of action of these important guidance molecules. 
Kv words: Eph/ligand/receptor/signal transduction/ 
sine kinase 



Introduction 

Axonal guidance during the development of the nervous 
system is controlled by both soluble (long-range) and 
face-bound (short-range) cues located in the trajectories 
navigating axons (Tessier-Lavigne and Goodman, 
1^96). The Eph family of receptor tyrosine kinases and 
their cell surface-bound ligands have recently been implic- 
ated in short-range control of axon guidance during 
retihotectal map formation and in guidance of commissural 
axon projections across the midline (Cheng et aL, 1995; 
Drescher et aL, 1995; Henkemeyer et aL, 1996; Nakamoto 
i t aL, 1996; Orioli et aL, 1996). In addition, they have 
■les in axon fasciculation (Winslow et aL, 1995; Orioli 
tt aL, 1996) and in patterning of forebrain and hindbrain 
structures (Xu et aL, 1995, 1996). 

The Eph receptor family falls into two subclasses based 
on their interactions with ligands that are tethered to the 



cell surface either by a single transmembrane domain (TM) 
or by a glycosylphosphatidyl (GPI) anchor (Brambilla and 
Klein, 1995; Brambilla et aL, 1995; Gale et aL, 1996). 
Whereas cross-reactive binding between the two sub- 
classes is rare and of low affinity, ligand-receptor inter- 
actions within a subclass are rather promiscuous 
(Brambilla ei aL, 1996; Gale etal., 1996). However, small 
differences in binding affinities observed in vitro may 
result in different biological responses in vivo. Genetic 
evidence suggests that this is indeed the case. The two 
Eph receptors Nuk (Henkemeyer et aL, 1994) and Sek4 
(Becker et aL, 1994; Ciossek et aL, 1995) (in this report 
referred to as Cek5 and CeklO, respectively) both bind 
the transmembrane ligands Lerk2 (Beckmann et aL, 1994; 
Shao et aL, 1994; Brambilla et aL, 1995) and Elf2 (also 
referred to as Lerk5 or Htk-L) (Bennett et aL, 1995; 
Bergemann et aL, 1995; Kozlosky et aL, 1995). However, 
the analysis of Nuk and Sek4-deficient mice has revealed 
that, despite being co-expressed, each receptor has unique 
roles in the guidance of commissural axons and that both 
receptors cooperate in axon guidance and fasciculation, 
as well as in the development of midline structures outside 
the nervous system (Henkemeyer et aL, 1996; Orioli et aL, 
1996). These results are consistent with the idea that small 
differences in ligand interaction may influence in subtle 
ways the guidance of navigating growth cones in vivo. 

Despite the rapidly accumulating knowledge of the 
biological functions of Eph receptors and their ligands, 
the precise mechanism of guidance is poorly understood. 
Two GPI-anchored ligands, Rags and Elfl, have been 
shown to be contact repellents for retinal ganglion cell 
axons (Drescher et aL, 1995; Nakamoto et aL, 1996); 
other ligands may behave in similar ways or be contact 
attractants for certain cells. Little information is available 
on the signaling events triggered by activated Eph receptors 
after ligand-induced receptor autophosphorylation (Bram- 
billa and Klein, 1995; Ellis et aL, 1996). 

Both genetic and biochemical evidence suggests that 
TM ligands are also actively involved in signaling during 
axonal pathfinding. Mice expressing a kinase-defective 
version of Nuk have a normal anterior commissure, at least 
in certain genetic backgrounds, suggesting that reverse 
signaling through TM ligands on the surface of the 
navigating axon may help to guide it properly across the 
midline (Henkemeyer et aL, 1996). Consistent with the 
idea of ligand signaling, TM ligands carry within their 
cytoplasmic domains a set of conserved tyrosine residues, 
which become phosphorylated after receptor contact 
(Holland et aL, 1996; Bruckner et aL, 1997). This suggests 
that receptor contact causes ligand clustering and sub- 
sequent phosphorylation by an as yet unknown cytoplasmic 
tyrosine kinase endogenous to the ligand-expressing cells 
(Orioli and Klein, 1997). 

Elucidating the structural elements involved in ligand- 
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receptor interaction is essential for our understanding of 
the sequence of events which result in bidirectional signal- 
ing by Eph receptors and their ligands. In this report, we 
have determined the domain of Eph receptors responsible 
for ligand binding by constructing a series of Eph receptor 
deletion and domain swapping mutants, which were then 
analyzed for ligand binding and subsequent receptor 
signaling. We conclude that the same domain is used 
by all Eph receptors to interact with their respective 
ligand subclass. 

Results 

An N-terminal globular domain allows Lerk2 to 
bind to the CekS receptor 

Our mapping studies of the ligand interaction domain in 
Eph receptors were guided by the recently published 
genomic organization of the chicken Cek5 gene (Connor 
and Pasquale, 1995) and by information on sequence 
homologies and structural domains. The C-terminal half 
of the CekS ectodomain encompassing amino acid (aa) 
residues 332-549 contains two fibronectin type III (FN 
III) domains whose boundaries can be clearly defined 
based on high sequence conservation with other FN III 
domains (O'Bryan et a/., 1991). The N-terminal half of 
the Cek5 ectodomain is encoded by two exons: a large 
exon 3 (aa 42-279) and exon 4 (aa 280-331), which can 
be alternatively spliced in other Eph receptors (Valenzuela 
ei aL, 1995). The C-terminal portion of exon 3 and exon 
4 contain two stretches of cysteine-rich sequences with 
characteristically spaced cysteine residues bearing sig- 
nificant homology to epidermal growth factor (EGF)-like 
modules from tenascin and thrombospondin (Connor and 
Pasquale, 1995) (J.P.Labrador and R.Klein, unpublished 
observations). The N-terminal portion of exon 3 has 
previously been proposed to have weak homology to 
immunoglobulin (Ig)-like domains (O'Bryan et al, 1991; 
see also Tessier-Lavigne and Goodman, 1996), although 
this similarity is controversial (Connor and Pasquale, 
1995). Secondary structure predictions for this region 
suggest that it is exclusively composed of P-sheet segments 
separated by loops (Rost, 1996). This is characteristic not 
only of Ig-like, but also of several other extracellular 
globular domains. In the absence of any structural data, we 
will refer to this domain as the N-terminal globular domain. 

We constructed a series of soluble deletion mutants 
of the Cek5 ectodomain fused to heat-stable alkaline 
phosphatase (AP) (Flanagan and Leder, 1990). Such CekS- 
AP fusion proteins, when expressed and secreted by 
COS cells, bind to membrane-bound Lerk2 ligand with 
nanomolar affinity (Brambilla et al. y 1995). As indicated 
in Figure 1, the N-terminal half of the Cek5 ectodomain 
including the globular domain and cysteine-rich regions 
(331-AP) specifically bound to NIH 3T3 cells expressing 
Lerk2, while showing no specific binding to wild-type 
NIH 3T3 cells (data not shown). The reciprocal deletion 
mutant containing both FN III domains fused to the Cek5 
signal peptide (2FN-AP), despite being efficiently secreted 
by COS cells (data not shown), did not bind to Lerk2. 
The amount of binding of 2FN-AP was comparable to 
that of unfused AP protein (Figure 1). Further removal of 
the cysteine-rich sequences encoded by the alternatively 
spliced exon (280-AP) did not affect Lerk2 binding, nor 
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Fig. 1. An N-terminal globular domain is the primary ligand binding 
determinant in Cek5 receptors. Schematic representation of Cek5 
deletion mutants fused to AP. Deleted regions are indicated by thin 
bent lines. The individual domains are drawn to scale. Mutant names 
correspond to the most C-terminal aa residue fused to AP, e.g. 
200-AP: the most N-terminal 200 aa residues of CekS fused to AP 
Internal or N-terminal deletions are expressed as A followed by the 
name of the domain or aa residues deleted. The indicated fusion 
proteins were assayed for binding to wild-type NIH 3T3 cells or NIH 
3T3 cells stably expressing Lerk2. Binding activity is expressed 
qualitatively as + when the binding affinity of the mutant was in the 
nanomolar range and was scored as - when no binding was detected 
above background (K D > 100 nM). None of the mutants bound to 
wild-type NIH 3T3. cys, cysteine-rich region; FN III, fibronectin type 
III domain; glob, globular domain; SP, signal peptide. 

did the specific deletion of this exon in the context of the 
entire Cek5 ectodomain (A280-331-AP). Specific binding 
to Lerk2-expressing cells was still observed after removal 
of the entire cysteine-rich region (232-AP) up to residue 
210. A reciprocal deletion mutant to 232-AP containing 
the cysteine-rich regions and both FN III domains fused 
to the CekS signal peptide (Cek5AGlob-AP) did not brxi 
to Lerk2. Further C-terminal deletion (200-AP) incluc j 
the conserved cysteine at position aa 205 abolished Le:^ 
binding without affecting secretion of the fusion protein. 
20O-AP was the smallest peptide that could be expressed 
as an AP fusion protein. Further C- and N-terminal 
deletions did not produce active AP fusion proteins, 
suggesting that these peptides were not properly folded 
(data not shown). 

For those AP fusion proteins that showed spec 1 
binding, Scatchard analyses were performed to determ 
binding affinities. As shown in Figure 2, the entire CekS- 
AP fusion protein bound with subnanomolar affinity to 
Lerk2-expressing NIH 3T3 cells. CekS mutants lacking 
both FN III domains and carrying partial or complex 
deletions of the cysteine-rich domain showed comparable 
affinities, with K D between 2 and 3 nM. Similar values were 
also observed with the globular domain alone generated is 
CekS-TrkB chimeric receptor, when expressed in N-H 
3T3 cells and tested with Lerk2-AP fusion proteins (d lJ 
not shown). 




232-AP (KD=2.63nM) 210-AP (KO=2.80nM) 



0.12 t — 1 1 0.12 




Bound (nM) Bound (nM) 



Fig. 2. The globular domain of Cek5 retains full binding activity to Lerk2. Scatchard analyses of the binding of full-length Ceki-AP, and the Cek5 
deletion mutants 280-AP, 232-AP and 210-AP to membrane -bound Lerk2 expressed in NIH 3T3 cells. Dissociation constants are indicated above 
eoch graph. 



The N-terminal globular domain of CekS is 
sufficient to confer Lerk2 binding on the Cek9 
orphan receptor 

To determine whether N-terminal sequences contain the 
primary determinants of ligand binding in the context of 
entire receptor ectodomain and whether they are suffi- 
cient to change the specificity of an orphan receptor into 
that of a Lerk2 receptor, we generated chimeric receptor 
ectodomains using sequences from the Cek9 orphan recep- 
tor (Sajjadi and Pasquale, 1993). Substitution of the 
N-terminal and cysteine-rich sequences of CekS for those 
of Cek9 into a Cek9-AP fusion protein or a Cek9-TrkB 
chimeric receptor (Brambilla et ai y 1995) resulted in high- 
i iinity binding to Lerk2-expressing NIH 3T3 cells or 
soluble Lerk2-AP protein (Figure 3 and data not shown). 
Specific high-affinity binding to Lerk2 was still observed 
after the Cek5 contribution to the swapped ectodomain 
was progressively reduced from the N-terminal 331 to 
232 aa (SW33 1-AP, SW280-AP, S W249-AP and SW232- 
AP) (Figure 3A). All the mutants displayed similar affini- 
ties with K D values within 0.3 and 0.5 nM (Figure 3B). 
*:aken together with the data from the deletion mutants, 
mese results strongly suggest that the N-terminal globular 
domain is the main determinant for Lerk2 specific binding. 



The N-terminal globular domain of CekS is 
sufficient to trigger Lerk2-dependent receptor 
signaling 

To examine the ability of Cek5/9 chimeric ectodomains 
to trigger a functional response after Lerk2 binding, we 
generated Cek5/9-TrkB chimeric receptors and expressed 
them in NIH 3T3 cells (Figure 4A). Chimeras of Eph 
receptor ectodomains and TrkB kinase produce ligand- 
dependent transformation of NIH 3T3 cells (Brambilla 
et al, 1995). As shown in Figure 4B, wild-type CekS- 
TrkB very efficiently induces focus formation in the 
presence of its ligand Lerk2, whereas the orphan Cek9- 
TrkB chimeric receptor is completely inactive independent 
of the presence or absence of Lerk2. The substitution of 
the N-terminal globular and cysteine-rich domains of CekS 
confers transforming activity on the Cek9-TrkB chimeric 
receptor. Moreover, transforming activity is observed with 
the N-terminal globular domain of CekS alone (SW232- 
TrkB), in the context of a Cek9 ectodomain, indicating 
that these sequences are sufficient to bind Lerk2 and to 
induce receptor signaling. Transforming activity of the 
chimeric receptors containing swapped ectodomains was 
lower compared with wild-type CekS at low plasmid 
concentrations, but was only 2- to 4-fold lower at near- 
saturating conditions (Table I). 
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A Construct BINDING TO LERK2 

SP Glob Cys FNN fNtt AP 

SW331-AP 




B 



SW331-AP (KD=0.32nM) 



S 

i 




Bound (nM) 
SW249-AP (KD=0.44nM) 




Bound (nM) 



SW200-AP (KO=0.44nM) 



S 

i 

























s 




Total (-4,1) 

1 



Bound (nM) 
SW232-AP <KD=0 46nM) 




Bound (nM) 



Fig. 3. The N-terminal globular domain of Cek5 confers specific Lerk2 binding on the Cek9 orphan receptor. (A) Schematic representation of 
Cek5/Cek9 chimeric mutants fused to AP. Cek5 sequences are in white, Cek9 sequences are in gray. The names of the mutants begin with SW 
(swapping) followed by the aa residue where the junction between Cek5 and Cek9 occurred. Abbreviations are as in Figure 1 . <B) Scatchard 
analyses of the binding of Cek5/Cek9-AP chimeric mutants to membrane -bound Lerk2 expressed in NIH 3T3 cells. Dissociation constants are 
indicated above each graph. 



The corresponding ligand-binding domain is used 
by other Eph receptors including those interacting 
with GPI-anchored iigands 

We next investigated whether the same ligand-binding 
domain is used (i) by other receptors of the same subclass 
(e.g. Elk; Lhotak et al y 1991) to bind transmembrane 
Iigands and (ii) by Eph receptors, such as Cek4 (Sajjadi 
et al, 1991), which interact with GPI-anchored Iigands. 
We constructed and expressed deletion mutants of Elk 
and Cek4 as AP fusion proteins and tested their ability to 
bind surface-bound Iigands. As shown in Figure 5A, 
specific Lerk2 binding was observed with the Elk deletion 
mutant containing only N-terminal sequences encoded by 
putative exon 3 (inferred from the Cek5 gene structure). 
Specific binding was also observed, for Elf2, a second 
transmembrane ligand, indicating that both Iigands use 
the same or largely overlapping binding regions in the 
Elk ectodomain (Figure 5B). 

Cek4-AP deletion mutants were assayed for binding to 
the GPI-anchored ligand, Elfl (Cheng and Flanagan, 
1994). Elfl was expressed in COS cells, since NIH 3T3 
cells express endogenous Cek4-binding activity (Brambilla 
et al y 1995). Cek4-AP deletion constructs containing the 
N-terminal globular domain as well as the cysteine-rich 
sequences (Cek4A331-AP and Cek4A280-AP) or the 
globular domain alone (Cek4A232-AP) bound to the GPI- 
anchored ligand Elfl, but not to untransfected COS cells 
(data not shown). As depicted in Figure 6, Scatchard 
analysis revealed that the binding affinities for the full- 
length Cek4 ectodomain and the Cek4-AP deletion 
mutants were in the' subnanomolar range. These results 
indicate that the determinants of specific ligand binding 
in all Eph receptors lie in the globular domain. 



The N-terminal globular domain of Cek4 is 
sufficient to confer Elfl specific binding on Cek5 

To analyze further whether the globular domain alone 
contains all elements for specific ligand binding, we 
generated a chimeric receptor ectodomain replacing the 
globular domain of Cek5 with the corresponding sequent 
from Cek4 into a Cek5-AP fusion protein (Cei -,- 
GlobGek5-AP). Whereas wild-type Cek5 fails to bind 
Elfl ligand, this chimeric Cek4/5 protein binds Elfl with 
high affinity (K D = 0.76 nM; Figure 7), but shows no 
specific binding to untransfected COS cells. 

Discussion 

Given the large number of Eph receptors and their surf a 
bound Iigands and recent functional data, it seems likely 
that these molecules are major determinants of axon 
pathfinding and fasciculation events in the developing 
nervous system (Cheng et al, 1995; Drescher et al % 1995: 
Winslowevo/., 1995; Henkemeyer et al , 1996; Nakamoto 
et al, 1996; Orioli et al y 1996). Moreover, Eph receptors 
and transmembrane Iigands may be unique among receptor 
tyrosine kinases (RTKs) in mediating bidirectional sigr. '■■ 
ing both in the receptor and ligand-expressing cells 
(Holland et al f 1996; Bruckner et al, 1997). To gain 
insight into the structural elements of ligand-receptor 
interactions, we have mapped the binding site for both 
transmembrane and GPI-anchored Iigands on Eph recep- 
tors. The specific binding activity resides in the most 
N-terminal 183 aa (excluding the signal peptide). Accord- 
ing to secondary structure predictions, this portion of 
ectodomain is composed of P-sheet segments intersper>^ 
with loops, a structure characteristic of extracellular gJobu- 
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^ ¥ T««cfAn«9i;ftn nf NIH 3T3 cells by co-transfection of 
Tahle 1. Transformation oi riin ju ^ j 

expression plasmids encoding Lerk2 (100 ng) and Cek5/9-TrkB 

chimeric mutants (indicated amounts) 


Transfected DNAs 




Transforming activity (foci per 
1.5X10 5 cells) 


Receptor 


DNA (ng) 


Exp. 1 


Exp. 2 


Cek5-TrkB 
SW280-TrkB 
SW249-TrkB 
SW232-TrkB 


500 
500 
500 
500 


102 
>500 
>500 

128 


>500 
>500 
306 
202 


Cek5-TrkB 
SW280-TrkB 
SW249-TrkB 
SW232-TrkB 


50 
50 
50 
50 


>500 
206 
250 
150 


>500 
194 
236 
163 


Cek5-TrkB 
SW280-TrkB 
SW249-TrkB 
SW232-TrkB 


5 
5 
5 
5 


122 
8 
8 
6 


40 
32 
38 
22 


Cek5-TrkB 
SW280-TrkB 
SW249-TrkB 
SW232-TrkB 


0.5 
0.5 
0.5 
0.5 


0 
0 
0 
0 


ND 
ND 
ND 
ND 


500 ng of Cek9-TrkB co-transfected with Lerk2 failed to show any 
transforming activity. 
ND, not done. 



Fi* 4 The N-terminal globular domain of Cek5 is sufficient to trigger 
receptor signaling. (A) NIH 3T3 cells were transfected with 
pMEX-neo-derived expression plasmids containing the cDNAs of the 
Indicated wild-type Cek5, Cek9, and Cek5/Cek9 chimeric ^mutants 
fused to the cytoplasmic domain of TrkB. selected for 1 week in 
G418-containing medium, lysed and immunoprecipitated with a 
pan-Trk specific antiserum. Immunoblotting was performed wnfc i a 
TrkB-specific antiserum. Double bands can be detected for some of the 
c: -.cis, probably corresponding to differentially glycosylated forms 
cceptor The sizes of the molecular mass markers are indicated, 
ili. irunsfomiation of NIH 3T3 cells by Cek5/9 chimeric W™*; 
NIH 3T3 cells were co-transfected with 500 ng of expression plasmids 
encoding Cek5, Cek9 and Cek5/Cek9 chimeric mutants fused to the 
TrkB cytoplasmic domain together with 100 ng of an expression 
plasmid encoding the membrane-bound Lerk2 ligand. Plates were 
stained with Giemsa 10 days later. Each photograph shows an area of 
-40 cm 2 . 

1- -mains. In addition to the globular domain (aa 27- 
2U... the adjacent cysteine-rich domain (aa 211-331) may 
plav a minor role in ligand binding, since we observed a 
3- to 4-fold reduction in the K D for those mutants lacking 
the cysteine-rich domain, in comparison to wild type 
Cek5. However, the globular domain of Cek5 renders 
the Cek9 orphan receptor competent for Lerk2-induced 
Mcnalins. Likewise, the globular domain of Cek4 renders 
ih". ckl receptor competent to bind to the GPI-anchored 
El:,. The calculated K D values of receptor swapping 
mutants are all in the subnanomolar range. This suggests 
that the cysteine-rich region is dispensable for ligand 



B 





Fie. 5. The same ligand binding domain is used by Elk, an0 ^ 
member from the same subclass as Cek5. Deletion mutants of Elk 
were constructed as AP fusion proteins ^^% C|U| " ™ ftf c ^ 
full-length ectodomain or the sequences encoded by exon 3 (ot <~eK^, 
the N-terminal globular and pan of the cysteine-nch region 
(Elk: E280-AP). 0.5 nM of AP activity of ^.^^^J 11 ^,... 
proteins and soluble AP were assayed for binding to NIH 3T3 cells 
expressing Lerk2 (A) or ElO (B). Binding activity is expressed as the 
AP activity bound to a monolayer of cells in a six-well dish. 

binding and specificity, but may be involved in stabilization 
of the ligand-receptor complex. Whether or not the natural 
splice variants of other Eph receptors lacking the second 
cysteine-rich cluster (aa 280-331) are fully active in vivo 
remains to be analyzed. 

The FN III domains are dispensable for ligand binding 
and receptor signaling, and may play a structural role, e g. 
providing an optimal distance between interacting cells 
in vivo FN III domains are found in ectodomains of cell 
adhesion molecules, RTKs and receptor protein tyrosine 
phosphatases (Bork et aL, 1996), and have been suggested 
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Fi E 6 globular domain of Cek4 shows full binding activity to the GPI-anchored ligand Elfl. Binding of Cek4-AP 'was analyzed on wild-type 
COS cells and COS cells expressing Elfl. Cek4 deletion mutants were made (Cek4A331-AP, Cek4A280-AP and Cek4A232-AP) analogous to Cek5. 
Scatchard analyses were performed and dissociation constants are indicated above each graph. 



to play a role in dimerization (Sommers et ai t 1994), 
similar to Ig-like domains (Blechman et aL, 1995). 

Consistent with its important function in receptor signal- 
ing, the Cek5 ligand binding domain, when compared 
with other Eph receptors of the same or related species, 
reveals a higher degree of sequence conservation than the 
two FN III domains. For instance, the human Cek5 (also 
known as Erk; Kiyokawa et ai y 1994) ligand binding 
domain is 75.9% identical to rat Elk, 70.9% to human 
CeklO (also known as Hek2; Bohme et al y 1993) and 
44.5% to human Eph (Hirai et a/., 1987). In contrast, both 
FN III domains of human Cek5 are 64.9% identical to 
Elk, 59.3% to human CeklO, and 29.1% to human Eph. 

Ligand binding to single domains appears to be the 
exception rather than the rule among members of the 
superfamily of RTKs. RTKs with Ig domains in their 
extracellular portions, such as fibroblast growth factor 
receptors (with two or three Ig domains), platelet-derived 
growth factor receptors and c-Kit (with five Ig domains), 
and receptors for vascular endothelial growth factor (with 
seven Ig domains) all have non-contiguous ligand binding 
regions (Heidaran et a/., 1990; Lev et ai f 1993; Wang 
et al, 1995; Davis-Smyth et a/., 1996). Whereas one Ig 
domain constitutes the core of the binding site, adjacent 
Ig domains greatly influence ligand binding, presumably 
by folding over the binding cleft and thereby reducing 
ligand dissociation. 



Cek4 



Cek5 



Cek4GlobCek5-AP (KD=0.76nM) 



t5 0.1 
c 



1 20 


r 
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Total (nM) 



0.04 006 0.06 0.10 

Bound (nM) 



0.12 0.14 



Fig. 7. The Cek4 globular domain confers specific Elfl binding on the 
Cek5 receptor. The globular domain of Cek5 was replaced by the 
corresponding sequences of Cek4. The resulting chimeric receptor * ,as 
fused to AP (Cek4GlobCek5-AP) and assayed for binding to Elfl 
expressed in COS cells. The dissociation constant is indicated abo^f 
the Scatchard plot. 



Tb - binding region of the Trk receptors maps to 
,st C-terminal Ig domain located closest to the 
*fns l .uembranc region of Trk receptors (Urfer et al 

However, based on cross-linking experiments, high- 
E'v binding appears also to require the adjacent 
f Sinai Ig domain (Perez et al, 1995). 

Among the RTKs that lack Ig domains, hgand binding 
inns were also found to be non-contiguous. EGF 
I&in* to the EGF receptor was mapped to sequences 
b ' v .. e ° n two cysteine-rich regions with participation of 
* oSt N-terminal portion of the receptor ectodomain 
V et al 1989, 1991). Similarly, both N-terminal and 
.aeine-rich sequences cooperate in high-affinity binding 
3Sn and insulin-like growth factor (IGF>I to their 
Ipective receptors (Kjeldsen et aU 1991; Yip et al 
ioon In the case of Eph receptors, we report a hgand 
hindin* domain mapping to a single contiguous region 
To irently independent from the rest of the ectodomain. 
3PP has been suggested that the N-terminal globular 
Hoi /in has certain features of an Ig-like structure 
fo Bryan et aU 1991). It is premature, however, to 
M issifv Eph receptors within the Ig superfamily of proteins 
Tessier-Lavigne and Goodman, 1996). Instead, our own 
database searches with the minimal binding domain deter-, 
mined here revealed the highest similarity to the N-terminal 
lobular domain VI of laminins (30% identity, 49% 
si- irity over a stretch of 70 aa residues). This similarity 
al,. is not statistically significant. However, as in 
laminins, and other related molecules, such as netnns/ 
unc-6 (Serafini et al, 1994), this N-terminal domain is 
followed by cysteine-rich EGF-like sequences (domain V 
of laminin). Based on the similarity in modular architec- 
ture it is likely that rather than resembling an Ig-like 
domain the Eph ectodomain is structurally similar to 
c 1 uns V and VI of laminin-like molecules. Considenng 
t; pparent conservation of function between netnns and 
Eph receptors, this structural similarity may turn out to 
be physiologically relevant. Experiments to determine the 
crystal structure of the globular domain are in progress. 

In conclusion, our characterization of the hgand binding 
domain will allow further studies on the mechanisms ot 
Eph function in vivo. Subtle changes in the binding 
rrum of Eph receptors may influence the behavior ot 
ing axons. Fine mapping of the residues directly 
interacting with the ligand will allow us to produce gain- 
of-function molecules that will interact efficiently across 
subclass boundaries. Such receptor mutants will be 
extremely useful for genetic studies, in addition to loss- 
of-function mutations. 



IV" terials and methods 

Production of secreted alkaline phosphatase fused 
ectodomains , , ... 

Deletion mutants and Cek5/9 chimeric ectodomains were generated wi h 
the technique of gene splicing by overlap extension described previously 
(Horton et a/., 1989). with some modifications. Briefly, the mutant 
ectodomains are generated in two PCRs. In the first one, two fragments 
to be recombined are synthesized leaving complementary sequences in 
ihc ends to be fused. For the deletion mutants, the two fragments are 
= regions flanking the deletion. In Cek5/9 chimeric mutants, one 
: .mem comes from Cek5 and the other from Cek9. The two fragments 
arc mixed and annealed one to the other by their complementary 
sequence. One becomes the primer of the other in a second PCR that 
gives the designed deletion or chimeric molecule. Pfu polymerase was 



used in 7-10 cycle reactions to generate all the mutant ectodomains. A 
segment of the amino acid sequence at the junction region is listed 
below for each mutant. 



Cek5 deletions: 

331-AP: 

2FN-AP: 

A280-331-AP: 

280-AP: 

232-AP: 

Cek5AGlobAP 

210-AP: 

200-AP: 

Cek5/9 chimeras: 
SW331-AP 
SW280-AP 
SW249-AP: 
SW232-AP 



MPCT/TSVQ 

LGWM/SAPQ 

VCRG/IPSA 

VCRG/TSVQ 

AARG/TSVQ 

IPNV/TCIS 

PRVI/TSVQ 

AVRV/TSVQ 

MPCT/G/P5 
VCRG/CPIG 
K1LONGQG 
AARG/7TVA 



I 332 to T543 deletion 
V 45 to S334 deletion 
C 278 to T 331 deletion 
C 278 to T 543 deletion 
T 232 to T 543 deletion 
VI 11 to T 233 deletion 
Q 210 to T 543 deletion 
F 200 to T 543 deletion 



(pRB73) 

(pRB90) 

(pRB70) 

(pRB86) 

(pRB87) 

(pJP79) 

(pRB89) 

(pRB88) 

(pRB68) 
(pRB84) 
(pRB83) 
(pRB82) 



(pJP46) 
(pJP59) 
(pJP55) 
(pJP81) 



The numbers refer to the aa number in the Cek5 sequence where the 
deletion has been introduced or, in the case of Cek5/9 chimeras, where 
Cek5 has been fused to Cek9. The Cek9 sequence is in italics and the 
plasmid names are in parentheses. All the ectodomains were 
by introducing an artificial Hindlll site at the 5' end (nucleotide 304 of 
the published sequence) and an artificial BgM site at the end of the 
extracellular domain (nucleotide 1006 of the published sequence) and 
they were cloned into //indHI/B^/II-digested pAPtag-2 (Cheng etal 
1995) to produce AP fusion proteins, as previously described (Brambilla 
et a/., 1995)- Elk and Cek4 deletions were made in the same way, and 
the aa sequence at the junction region is as follows: 
E280-AP- CKAC/RSSG deletion from C270 

Cek4A33 1-AP TRPP/RSSG deletion from P3 1 8 
Cek4A280-AP CQAC/RSSG deletion from C272 
Cek4A232-AP"~ - E VRG/RSSG deletion from G226 

To construct Cek4-AP ( P JP47), an artificial Bglll site was introduced 
in the sequence at the 5' end and another at the end of the extracellular 
S^rnSr to clone it in pAPtag-2. Cek4GlobCek5-AP (pJP82) 
was produced in the same way as the Cek5/Cek9 chimeras, mttoducing 
an artificial tfmdIII site upstream of the start codon and a BgM sac at 
the end of Cek5 ectodomain in order to ^ " ™* * e j£ 
pAPtag-2. The sequence of the junction is VERG/5SGG. The L.eto 
sequence is in italics. , 
Cek5-AP and Elk-AP have already been described (Brambilla et a/., 
1995) The production of the AP fusion proteins was monitored by 
assaying the supernatant for heat-stable AP, as described previously 
(Cheng and Flanagan, 1994). 

Bina^nTassfyTtere performed as described previously (Cheng and 
F lanagL, 1994). Briefly, NIH 3T3 and NIH 3T3-denved cell lines 
expressing either Lerk2 or Elf2 were seeded into six-well plates , and 
used when confluent. For Cek4 constructs, COS cells were transfected 
with an Elf 1 expression vector (Cheng and Flanagan, 1994). 

Generation of TrkB fusion receptors 

The Cek5/9 chimeric ectodomains, SW331 (pJP9). SW280 (pJP33) 
SW249 (pJP32) and SW232 (pJP31), were synthesized as described 
above including an artificial BamHl site 5' of me ATG start codon. .Ttey 
were cloned into BamHI/Spel-digested P AS13 (Brambilla et at., 1995), 
taking advantage of a natural Spel site in the Cek9 sequence. 

Cell culture and gene transfer assays _ 

COS cells (Gluzman, 1981), NIH 3T3 cells (Jainchill et al 1969) and 
NIH 3T3-derived cell lines were grown in Dulbecco s modified Eagle s 
medium (DMEM) containing 10% calf serum. Gene transfer assays in 
NIH 3T3 cells were performed by the calcium phosphate precipitation 
technique (Graham and van der Eb, 1973). Gene transfer assays in COS 
ceHs were carried out by using Lipofectamine (GibcoBRL). following 
the manufacturer's instructions. 

Immunoprecipitation assays 

Cell extracts from different NIH 3T3-derived cell lines were immunopre- 
cipitated with a rabbit polyclonal antiserum raised against a peptide 
corresponding to the 14 C-terminal aa residues of human gP^Q 
(Martin-Zanca et al. 1989). The resulting immunoprecipimtes were 
fractionated by 7.5% PAGE, transferred onto nitrocellulose filters, and 
incubated with an antiserum raised against the mouse TrkB tyrosine 
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kinase domain expressed in bacteria (Klein et al, 1990). Further 
incubations were performed using rabbit anti-mouse horseradish peroxid- 
ase (HRP)-linked antibodies or HRP-linked protein A. Specific signals 
were revealed using the ECL detection system (Amersham). 
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Note added in proof 

After this paper was submitted, the community agreed on a new 
nomenclature for Eph receptors and their ligands [Tessier-Lavigne.M., 
FlanaganJ., Gale.N., Hunter,T and PasquaIe,E.B. (1997) A unified 
nomenclature for Eph receptors and their ligands. Cell, in press]. 
Following this nomenclature, the new names for receptors and ligands 
u *od in this study are indicated in parentheses: Elk (EphBl), Cek5 
'fTfcB2), Cek9 (EphB5), Cek4 (EphA3), Lerk2 (ephrin-BI), EIJ 
in-B2), EU1 (ephrin-A2). 



3897 



letters to nature 



ID 2-3 



11. Oshima, Y. The phosphatase system in Saccharomyces cerevisiae. Genes Genet. Syst. 72, 323-334 
(1997). 

12. Ogawa, N. et al. Functional domains of PhoSlp. an inhibitor of Pho85p protein kinase, in the 
transduction pathway of Pi signals in Saccharomyces cerevisiae. MoL Cell Biol 15, 997-1004 (1995). 

13. Schneider, K. R.. Smith, R. L & O'Shea. E. K. Phosphate-regulated inactivation of the kinase PHO80- 
PH085 by the CDK inhibitor PH081. Science 266, 122-126 (1994). 

14. Kaffman, A., Rank, N. M. & O'Shea, E K. Phosphorylation regulates association of the transcription 
factor Pho4 with* its import receptor Psel/Kapl21. Genes Dev. 12, 2673-2683 (1998). 

15. Lee, M. S„ Henry, M. & Silver, P. A. A protein that shuttles between the nucleus and the cytoplasm is an 
important mediator of RNA export. Genes Dev. 10, 1233-1246 (1996). 

16. Wimmer, C Doye, V, Grandi, P.. Nehrbass, U. 8t Hurt, E.C A new subclass of nudeoporins that 
functionally interact with nuclear pore protein NSP 1 . EMBO J. 11,5051-5061 (1992). 

17. Nehrbass, U. et al. NSP1: a yeast nuclear envelope protein localized at the nuclear pores exerts its 
essential function by its carbory-tcrminal domain. Cell 61, 979-989 (1990). 

1 8. Doye, V., Wepf, R. 8c Hun, E. C A novel nuclear pore protein Nupl 33p with distinct roles in poly(A)* 
RNA transport and nuclear pore distribution. EMBO J. 13, 6062-6075 (1994). 

19. Aitchison, J. D., Blobel, G. 8c Rout, M. P Kapl04p: a karyopherin involved in the nuclear transport of 
messenger RNA binding proteins. Science 274, 624-627 (1996). 

20. Xiao, Z., McGrew, J. T., Schroeder, A. J. St Fitzgerald-Hayes, M. CSE1 and CSE2, two new genes 
required for accurate mitotic chromosome segregation in Saccharomyces cerevisiae. MoL Cell Biol 13, 
4691-4702 (1993). 

21. Stade, K., Ford, C S., Guthrie, C fit Wets, K. Expo run 1 (Crmlp) is an essential nuclear export factor. 
Cell 90, 1041-1050(1997). 

22. Seedorf, M. 8c Silver, P. A. Importin/karyopherin protein family members required for mRNA export 
from the nucleus. Proc Natl Acad. Sri. USA 94, 8590-8595 (1997). 

23. Rout, M. P., Blobel, G. 8c Aitchison, J. D. A distinct nuclear import pathway used by ribosomal 
proteins. CW/89, 715-725 (1997). 

24. Kadowaki, T. ex al. Isolation and characterization of Saccharomyces cerevisiae mRNA transport - 
defective (mtr) mutants. /. Cell Biol 126, 649-659 (1994). 

25. Arts, G. J., Fomerod, M. & Mattaj, I. W. Identification of a nuclear export receptor for tRNA. Curr. 
BioL 8, 305-314 (1998). 

26. Kutay. U., Bischoff, F. R., Kostka, S., Kraft, R. 8c Gorlich, D. Export of importin alpha from the nucleus 
is mediated by a specific nuclear transport factor. Cell 90, 1061-1071 (1997). 

27. Kutay, U. et al Identification of a tRNA-specific nuclear export receptor. Mol. Cell I, 359-369 (1998). 

28. Fomerod, M„ Ohno, M-, Yoshida, M. & Mattaj, I. W. CRM1 is an export receptor for leucine-rich 
nuclear export signals. Cell 90, 1051-1060 (1997). 

29. Bischoff, E R., Klebe, C, Kretsehmer, J., Whtinghofer, A. & Ponstingl, H. RanGAPl induces GTPase 
activity of nuclear Ras-related Ran. Proc Natl Acad. Sci. USA 91, 2587-2591 (1994). 

30. Chenevert, J., Valtz, N. & Herskowitz, I. Identification of genes required for normal pheromone- 
induced cell polarization in Saccharomyces cerevisiae. Genetics 136, 1287-1296 (1994). 

Acknowledgements. We thank I. Herskowitz, J. Li, J. Weissman and members of the O'Shea laboratory for 
comments on the manuscript; R. Bischoff for the RanQ69L plasmid; M. Lenburg for the Pho85-GFP 
plasmid; and J. Aitchison, K. Weis, P. Silver, M. Fitzgerald- Hayes, E. Hurt and A. Tartakoff for yeast strains. 
A.K. is a Fellow of the UCSF Medical Scientist Training Program. N.M.R. and L.S.H. were supported by 
fellowships from the NIH and E.M.O. was supported by a fellowship from the Jane Coffin Childs 
Foundation. This work was supported by the David and Lucile Packard Foundation and by an NSF 
Presidential Faculty Fellowship (E.K.O.). 

Correspondence and requests for materials should be directed to E.K.O. (e-mail: oshea@biochem.ucsf. 
edu). 

Crystal structure of the ligand- 
binding domain of the receptor 
tyrosine kinase EphB2 

Juha-Pekka Himanen*, Mark Henkemeyert & 
Dimitar B. Nikolov* 

* Cellular Biochemistry and Biophysics Program, MemoriaUSloan-Kettering 
Cancer Center, 1275 York Avenue, New York, New York 10021, USA 
t Center for Developmental Biology, University of Texas Southwestern Medical 
Center, Dallas, Texas 75235-9133, USA 



The Eph receptors, which bind a group of cell-membrane- 
anchored ligands known as ephrins, represent the largest sub- 
family of receptor tyrosine kinases (RTKs) 1 . They are predomi- 
nantly expressed in the developing and adult nervous system 2 and 
are important in contact-mediated axon guidance 3 " 6 , axon fas- 
ciculation 5,7 and cell migration 8 " 11 . Eph receptors are unique 
among other RTKs in that they fall into two subclasses with 
distinct ligand specificities 12 , and in that they can themselves 
function as ligands to activate bidirectional cell -cell sig- 
nalling 4 * 15,14 . We report here the crystal structure at 2.9 A resolu- 
tion of the ammo-terminal ligand-binding domain of the EphB2 
receptor (also known as Nuk) 15 " 17 . The domain folds into a 
compact jellyroU p-sandwich composed of 11 antiparallel p- 
strands. Using structure-based mutagenesis, we have identified 
an extended loop that is important for ligand binding and class 



specificity. This loop, which is conserved within but not between 
Eph RTK subclasses, packs against the concave p-sandwich sur- 
face near positions at which missense mutations cause signalling 
defects 18 , localizing the ligand-binding region on the surface of 
the receptor. 

The extracellular region of Eph receptors consists of two fibro- 
nectin type III repeats, a cysteine-rich region, and a conserved 180- 
amino-acid N-terminal 'globular' domain (Fig. 1) which is both 
necessary and sufficient for bindings of the receptors to their 
ephrin ligands 16 . Eph receptors bind their ephrin ligands with 
high affinity (K d = 0.5-15.0 nM) and with one-to-one stoidr 
metry 16 * 17 ' 19 (Fig. 2). 

We determined the structure of the biologically active (Fig. 2) 
ligand-binding domain of the murine EphB2 receptor by X-ray 
crystallography using the multiple isomorphous replacement 
(MIR) method (Table 1 and Figs 3, 4). Our model is refined at 
2.9 A resolution to an K-factor of 20.6% with tightly restrained 
temperature factors and good stereochemistry. The domain has 
dimensions of roughly 50 A X 40 A X 30 A. It has two antiparallel 
P-sheets, with the usual left-handed twistTpacked against each off - r 
to form a compact P-sandwich, and a short 3 10 helix. The cone -, e 
P-sheet is composed of strands C, F, F' L, H and I, and the convex 0- 
sheet of strands D, E, A, M, G, K and J (Fig. 4c). The extensive 
hydrophobic core created by approximation of the two P-sheets and 
the short 3 10 helix contains no cavities and is dominated by aromatic 
side chains. The P-strands are connected by loops of varying length, 
including a long loop (between strands H and I; coloured in orange 
and red in Fig. 4a) that packs against the full width of the concaw 13- 
sheet, and two loops (D-E and J-K) that protrude from the iwo 
sides of the P-sandwich, closing on the middle of the convex 13- 
sheet. The H-I loop (in the front in Fig. 4a) is well-ordered, as are 
the loops running across the top, whereas the D-E and J-K loops at 
the back are disordered, with several residues that cannot be located 
in the electron-density map. Two disulphide bridges stabilize the 
loops at the top of the P-sandwich: Cys 105 binds Cys 115 in the 
longest of the top loops (G-H), and Cys 70, the first residue of loop 
E-F, binds Cys 192, the last residue of loop L-M. 

The EphB2 ligand-binding domain has a jellyroll foiling 
topology 20 (Fig. 4c). Comparison of this structure with the contents 
of the FSSP database 21 reveals considerable similarity with the 
carbohydrate-binding domains of glucanases, legume lectins, p- 
galactosidases, sialidases, cellulases, bacterial toxins and influenza 
virus haemagglutinin. This raises two interesting possibilities, 
namely that the homology in molecular architecture includes 
the location of the ligand-binding site, or that the carbohv.lrate 
moieties at the putative glycosylation sites of the ephrii. are 
directly involved in ligand-receptor recognition. Our result > .^p- 
port the first possibility (see below); however, we suggest that the 
Eph receptors are not lectins. Indeed, the purified EphB2 globular 
domain forms a stable, high-affinity complex with a bacterially 
expressed non-glycosylated ephrin-B2 ligand preparation (Fig- 2) 
(JQ is within the range of values reported for recombinant glyco- ; 
sylated ephrins 2,16 * 17 ' 19 ). Furthermore, addition of a tenfold molar ; 
excess of JV-linked type oligosaccharides (Oxford GlycoSyste;n » has j 
no effect on the in vitro Eph-receptor-ephrin interaction (d^ n 01 
shown). Beyond the similarity in overall topology between th« 
EphB2 ligand-binding domain and the carbohydrate-binding 
terns, the precise structures are quite different (Fig. 4d) and the 
best structural alignments include stretches of 100-120 amino acid* 
with root mean square deviations between a-carbon positions <* 
3.0 A. 

The ligand-binding domain of Eph receptors is unique to tl# 
family of RTKs 22 and shares no significant amino-acid-sequer 
homology with other known proteins. Nevertheless, jellyroll fol 
topology is observed in the extracellular domains of other prat 
including, in addition to the carbohydrate-binding proteins 
tumour-necrosis factor (TNF) family" (which includes TNF, 1; 
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photoxin, CD40 ligand and complement Clq) and several viral 
coat proteins. The TNF- family members are all trimeric and bind 
their receptors on the 'side* of the jellyroll, at the interface between 
trimer subunits 23 . Eph receptors, on the other hand, are monomeric 
(including the full-length recombinant extracellular region) 16,19 y and 
ther 1 ore their functional ligand-binding site is different from that 
of TNF proteins. 

Discussion of the precise mechanisms of ligand recognition by 
the Eph RTKs must await high-resolution structures of appropriate 



ephrin-Eph-receptor complexes. However, the structure of a func- 
tional ligand-binding core domain does allow us to predict the 
location of the ligand-recognition site on the receptor surface and to 
test our hypothesis using structure-based mutagenesis. Several 
results (see below) indicate that the ligand-binding surface of 
EphB2 is localized to the upper part of the concave p -sheet, 
including the H-I loop traversing the middle region of the structure 
as well as the loops running across the upper surface of the P- 
sandwich (Fig. 4d). 
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^ure 1 Alignment of amino-acid sequences of Eph globular domains. The 
*quences of the known Eph RTKs were aligned using the program DNAstar. The 
Se co f, dary-structure elements of the EphB2 crystal structure are shown using 
^ows for p-strands and a rectangle for the 3, 0 helix. The strands of the concave 
^eet are coloured blue and those in the convex fj-sheet are coloured green. 
^ locations of three different point mutations that affect the function of the C. 
** e °ans VAB-1 Eph receptor 1 * are indicated with purple dots and the Eph class- 
spe cih'city loop is shown in orange, with the four residues by which the sub- 



classes differ shown in red. The residues with the highest sequence conservation 
between RTKs (calculated with DNAstar) are indicated above the secondary 
structure and are also shaded in grey. Asterisks indicate the locations of a ten- 
amino-acid insertion in VAB-1 and a fifteen-amino-acid insertion in EphB6. The 
domain organization of the Eph receptors is shown at the right Glob, globular 
domain; Cys. cysteine-rich linker; FN III, hbronectin type III motif. TK, tyrosine- 
kinase domain; SAM, sterile o-motif. 
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a 

EphB2 - + ++++ + - 

Ephrin-B2 - - - + + ++ + 

Ephrin-A5 + + — --__ 




EphB2 total (nM) 

Rguro 2 Eph-ephrin recognition, a. Gel mobility-shift experiment with the 
recombinant globular domain of EphB2 that was used in the structure 
determination and the recombinant extracellular domains of ephrin-B2 and 
ephrin-A5. The two bands in lanes with ephrin-B2 represent a monomer/dimer 
equilibrium that is also observed using size-exclusion chromatography. ++ 
indicates a twofold molar excess of the component, b, Binding of wild-type and 
mutant EphB2-receptor ligand-binding domains to class A and class B ephrins in 
Ni-affinity-bead pull-down experiments (see Methods). Data points represent the 
means of multiple measurements (typically n = 3) and the bars represent stan- 
dard errors, a/(r» - 1) (where a is the standard deviation). The curves represent 
unweighted least-squares fits to a standard dissociation equilibrium equation. 
The calculated apparent dissociation constants are somewhat overestimated 
because the post-binding washing of the Ni-affinity-beads is not accounted for in 
the calculations. 



Eph receptors can be divided into two subclasses on the basis of 
their preference to bind ligands that are tethered to the cell surface 
either by a glycosylphosphatidylinositol (GPI) anchor (A-ephrns) 
or by a single transmembrane segment (B- ephrins) 12 . In general, 
EphA subclass receptors bind to the five known A-ephrins, whereas 
the EphB subclass receptors interact with the three known B- 
ephrins 12 . Analysis of all currently available ligand-binding. 
domain sequences (Fig. 1) shows that the length of the loop 
connecting strands H and I may determine Eph-receptor subclass 
EphB members possess H-I loops that are 17 residues in length, 
whereas the H-I loops of EphA members are 4 residues shorter 
(orange/red loop in Fig. 4a). To understand better the role o: this 
loop in ephrin recognition, we performed binding assays using tw 0 
EphB2 mutants — one containing a deletion of the four extra 
class-B-specific amino acids (EphB2-del), and one in which the H-I 
loop of EphB2 was substituted with the corresponding loop of the 
A-class receptor EphA3 (EphB2-A3). As compared with the wild- 
type EphB2 protein, the EphB2-del mutant exhibited roughly 
ninefold reduced affinity for^epJirin-B2 ) indicating that the H-] 
loop is directly involved in ligand binding. Furthermore, alth .ugh 
both wild-type EphB2 and EphB2-del bind to ephrin-B2 on!< , the 
chimaeric EphB2-A3 receptor recognizes not only ephrin-B2 but 
also ephrin-A5, albeit with much lower affinity than a wild-type 
receptor for ephrin-A5, indicating that the loop confers some degree 
of class specificity. The ability of the EphB2-A3 mutant to retain full 
affinity for ephrin-B2 while also binding to ephrin-A5 indicates 
that the H-I loop maybe particularly important for recognition of 
A-type ligands. 

Other regions on the molecular surface of the globular don \ s :in of 
Eph-family receptors must also be involved in ligand recognition. In 
our crystal structure, the H-I loop packs against the middle of the 
concave P-sheet only 13 A away from the locations of known 
signalling-defective mutations 18 in the Caenorhabditis elegans Eph 
RTK VAB-1. The locations of these point mutations are shown in 
magenta in Fig. 4a. All characterized missense mutations in the 
extracellular region map to loops at the top of the P-sandwich. The 
ju8 allele, which causes a strong loss-of-function phen< r-pe 1 '. 
contains a Glu — ► Lys substitution of a solvent-exposed ; . sidue 
(Ser49 in EphB2) in the loop between strands C and D that wiD 
alter the local electrostatic potential. The intermediate alleles e856 
and e699 contain a Thr — He substitution of a partially buried 
residue inside the C-D loop (Gly 50 in EphB2), and a Glu — L« 
substitution of a residue buried inside the L-M loop (Asp 188 in- 
EphB2), respectively. These mutations would probably alter the 




Figure 3 Stereo diagram of a representative region of the solvent-flattened 
experimental (MIR) electron-density map (contour level 1.2 ff ) w ith the refined 



EphB2 atomic model drawn as a stick figure. 




formation of the loops at the top of the p-sandwich (the exact 
■^ r e of the perturbation is hard to predict, as EphB2 and VAB-1 
f ^ c-D loops of different lengths) but would probably not affect 
Ac overall folding of the domain. As Eph receptors also function as 
Zrtds in a bidirectional tyrosine-kinase signalling cascade 41314 , 
Stations in the ligand-binding region would affect signalling in 
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both directions, and indeed, the three described alleles produce 
stronger pheno types than mutations that abolish the catalytic 
activity of VAB-1 (ref. 18). 

In agreement with the direct evidence for the location of the 
ligand-binding region from the analyses of the VAB-1 and EphB2 
H-I-loop mutants, the residues comprising the concave P-sheet 
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fyure 4 Structure of the N-terminal ligand-binding domain of EphB2. a. Two 

^cgT'-a; stereoviews of the EphB2 ligand-binding domain. The N and C termini 

c :'aj n are labelled. The equivalent positions of VAB-1 point mutations are 

^•ca-tc as pink sidechain stick diagrams. The disulphide bridges are indicated 

stick figures in white. The colour coding is as in Fig. 1. b. Stereoview of the 

face of the EphB2 ligand-binding domain; the colour is gradated from the 

terminus, blue, to the C terminus, red. Every tenth residue is numbered. 
*Di agri 



struct, 



jram of the secondary structure. Residues were assigned to secondary- 
ur e elements according to criteria denned in ref. 30. The N and C termini of 



the protein are labelled, as are the residues at the ends of each p-strand and of the 
short 3i 0 helix, 0-strands are shown as arrows and the helix as a rectangle. The 
colour coding is as in Fig.1. d, Structures of two topological homologues of EphB2: 
left, the globular head of influenza virus haemagglutinin, with the location of the 
bound sialic acid shown in red 2 *; middle, Griffonia simplicifotia lectin, with the 
location of the bound human blood-group determinant shown in red 2 *; right, the 
globular domain of EphB2, with the proposed location for binding ephrin shown in 
red. 
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tend to be better conserved than those making up the convex P- 
sheet (Fig. 1). The secondary-structure elements that are most 
invariable are (Figs 1, 4) strand F, the G-H loop, strand I, the I-J 
loop, strand L and the L-M loop. Finally, the overall structural 
homology between the ligand-binding domain of EphB2 and the 
jellyroll carbohydrate-binding proteins indicates that they might 
use similar surface regions to bind their respective ligands. Several 
crystal and NMR structures reveal that the carbohydrates bind the 
receptors either at the top of the 3-sahdwich or at its concave face 26 
and Fig. 4d shows two representative cases, haemagglutinin 24 and a 
legume-type lectin 25 , for comparison with the ligand-binding 
domain of EphB2. Most structural studies of carbohydrate-binding 
proteins, however, involve low-affinity interactions (K d = 0.01- 
0.1 mM) of mono-, di- or trisaccharides with a small region on the 
surface of the proteins, whereas a high-affinity interaction such as 
that between Eph receptors and their ligands would involve a larger 
protein-protein interface (Fig. 4d). 

The structure of the globular domain of EphB2 is the first 
structure of a Eph RTK ligand-binding domain and reveals an 
unexpected molecular architecture. This is the first example, to our 
knowledge, of a bona fide protein-binding receptor with jellyroll 
folding topology. On the basis of the structure, published data and 
H— I-loop mutagenesis, we have located the surface region involved 
in ligand recognition, providing a starting point for further crystal- 
lographic, biochemical and genetic studies of Eph-receptor signal- 
ling. In particular, these data should aid directed, systematic 
analyses of ligand-receptor recognition to explain the high pro- 
miscuity within Eph subclasses but lack of interaction between 
subclasses. Furthermore, as we have already shown with the H-I 
loop, it should now be possible to design structure-based mutations 
that alter the affinity and specificity of receptor-ligand interactions 
to allow in vivo studies of how Eph receptor/ephrin expression 
boundaries and gradients direct the movement of cells and axons in 
the developing nervous system. □ 



Methods 

Expression and crystallization. The sequence encoding the murine EphB2 
globular domain (residues 28-210) was subcloned by the polymerase chain 
reaction (PCR) into a pET32 expression vector (Novagen), and overexpressed 
in Escherichia coli (strain AD494(DE3)) using the T7 RNA polymerase system. 
The protein was purified on a HiTrap Ni 2+ -chelating column (Pharmacia) and 
the histidine-containing N-terminal sequence was removed by thrombin 
proteolysis to yield EphB2(28-210) plus 36 N-terminal amino acids from 
the expression vector. A final anion-exchange chromatography step yielded 
material of homogeneity of 98% or greater. Mass spectrometry and DNA 
sequencing of the plasmid showed that the EphB2 ligand-binding domain used 
for crystallization was neither modified nor further proteolysed during 
expression and purification. Dynamic light scattering (Molecular Size Detector, 
Protein Solutions) showed that EphB2(28-210) was both monomeric and 
monodisperse at 1 mgmT 1 . The purified EphB2 protein was concentrated to 
10 mgmT 1 in a buffer containing 10 mM KCI, 2mM MgCl 2 and 10 mM 
HEPES, pH 7.2, and crystallized in a hanging drop by vapour diffusion against 
reservoir containing 200 mM ammonium sulphate, 15% PEG 4000 and 50 mM 
sodium acetate, pH 4.8. Crystals grew in the tetragonal space group PA X 2{1 
(a = b = 55 A, c = 159 A) with one molecule in the asymmetric unit. Heavy- 
atom derivatives were prepared by soaking the crystals in the heavy-metal 
reagents at concentrations of 1-5 mM for 2-3 days. 

Mutagenesis and ligand-binding assays. Gel mobility-shift assays, used to 
confirm the biological activity of the recombinant proteins, were done by 
incubating the components at 0.2 mM concentration for lOmin at room 
temperature and separating them on 10-20% gradient non -denaturing 
polyacrylamide gels. EphB2 ligand-binding domain mutants (EphB2-del has 
a deletion of Phe 135 to Trp 138; EphB2-A3 includes a substitution of EphB2 
residues Phe 128 to Trp 143 with EphA3 residues Asp 128 to Phe 139) were 
generated by PCR and confirmed by automated sequencing. The mutant 
proteins were expressed and purified as before. Both mutant proteins were 
properly folded, as judged by the fact that they were monomeric and 



monodisperse at 0.01-0.2 mM concentrations and formed stable 1:1 comply 
with ephrin-B2 in gel mobUity-shift and size-exclusion chromatographic 
assays. Ephrin-B2 and ephrin-A5 were expressed and purified as before but 
with the histidine tag left intact. 

The pull-down experiments were done as follows: the Eph proteins wer e 
incubated (at room temperature, for 30 min, in 1 ml total reaction volume, i n a 
binding buffer containing 150mM KCI, 2mM MgCl 2 , 20 mM imidazole. 
20 mM HEPES, pH 8.2) at various concentrations with ephrins that wcr e 
prebound to Ni-affinity beads (Pharmacia) (fixed ephrin concentration of 

0. 2 u-M). The beads were then isolated by centrifugation and washed with 1 mj 
binding buffer. The bound proteins were separated on 10-20% gradient 
polyacrylamide gels. The amount of bound EphB2 was estimated h- ;h c 
intensity of the Coomassie-blue staining (Fotodyne FotoAnalyst scann.;. and 
MacBas software), and corrected for background. Dissociation constants were 
determined from unweighted least-squares fits of the data to the standard 
equilibrium binding equation K d = [I][J*]/[RL], where [RL] is the concentra- 
tion of the complex estimated from the amount of bound EphB2 [R] is th t 
concentration of the free EphB2 and [L] is the concentration of free ephrin 
(in Fig. 2b, 'EphB2 bound* = [RL], and 'EphB2 total* = [RL] + [R]; 

[I] s= 02 \iM), The estimated apparent dissociation constants are not cor- 
rected for complex dissociation during the washing step and, therefi- j.-. are 
used as relative and not absolute measures of the binding affinities ..if the 
EphB2-ephrin constructs. 

Data collection and structure determination. Diffraction was measured at 
room temperature using a Rigaku RAXIS-IV imaging plate area detector. 
Oscillation photographs were integrated, scaled and merged using DENZO and 
SCALEPACK 26 . Subsequent calculations were done with the CCP4 program 
suite 27 . An initial MIR electron-density map was calculated with data between 
15 A and 3.2 A (mean figure of merit 0.72) and improved by density modifica- 
tion (Fig. 3) which allowed unambiguous tracing and sequence assignment of 
the globular EphB2 domain using program O (ref. 28). Refinement of the 
model by conventional least-squares algorithm was done with XPLOR 2 '. The 
final refined model at 2.9 A resolution (Table 1) has a free R value 29 of 31.4% 
and comprises 1,377 non-hydrogen atoms in 172 well-defined amino acids in 
the electron density map, and no water molecules. No electron density is 
observed for the six carboxy- terminal residues, for loop residues 59-61 and 
160-163, and for the 34 N-terminal fusion residues introduced by the 
expression vector. Tightly restrained refinement of temperature faci i> was 
monitored throughout by the free-R- factor criterion 29 . Stereochemical analysis 
of the refined model using PROCHECK (CCP4 suite) revealed main-chain and 
sidechain parameters better than, or within the typical range of, values for 
protein structures determined at 2.9 A resolution (overall G-factor, -0.UI 
Only two EphB2 residues (Ala 39 and Ala 91 ) fell in the disallowed region of the 
Ramachandran plot. 
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Smad3 and Smad4 cooperate 
with c-Jun/c-Fos to mediate 
TFG-p-induced transcription 

Ying Zhang, Xin-Hua Feng & Rik Derynck 

Mure 394, 909-913 (1998) 

to Fig. 1 oFthis ^ Letter, the key in all paneis was incorrect: black bars 
should be +TGF-P, and white bars should be -TGF-(3; in addition, 
the c-Fos Smad3/4 bar colours were transposed in panel b. The 
correct figure is shown here. 

In Fig. 3f, right panel, the symbols should all have been plus signs, 
as shown here. There were also two typographical errors in Fig. 3a 
(INI not 31NL; 4NL, not 34NL). □ 

API : 5 ' -CGC TTG ATG ACT CAG CCG GAA-3 ' 

APlm72: 5' -CGC TTG CaG AGT CAG CCG GAA-3 ' 
APlmSBE: 5' -CGC TTG ATG ACT CCG CCG GAA-3 ' 
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